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control  of  the  outer  path  deviation  loop  are,  a*  already  remarked, 
limited  by  the  path/attitude  lag,  T@  ....  For  conventional  airplanes,  the 
augmented  aircraft  pitch  dynamics  lead  haa  the  same  time  constant,  T^. 
(In  other  words,  the  1/T  in  the  augmented  aircraft  pitch  dynamics  In 
Figure  5  is  l/Tg^O  Thus  the  attitude  lead  and  the  path  lag  are  the 
same  quantity,  fixed  by  the  same  aircraft  configuration  feature  (the 
lift  curve  slope) .  The  undamped  natural  frequency  and  damping  ratio  of 

the  augmented  aircraft  pitch  dynamics  are,  in  this  case,  C  «  t  and 

*P 

«n  “  Consequently,  for  this  conventional  aircraft  the  pitch  and 

path  dynamics  are  predominantly  dependent  on  these  three  variables,  Tq 
CSp,  fln<*  wsp*  *n  turn  depend  on  the  lift  curve  slope,  the  weather¬ 

cock  stability,  and  the  pitch  damping* 

The  variation  of  the  aircraft  short-period  characteristics  as  static 
stability  Is  reduced  can  easily  be  studied  using  a  root  locus  approach* 
The  Idea  is  to  examine  root  plots,  auch  as  Figure  8a,  as  is  varied* 
This  is  done  by  plotting  the  short-period  roots  for  a  number  of  given 
values  of  and  then  connecting  the  roots  to  form  a  locus. 

The  short-period  characteristic  function  is  given  approximately  by: 
s2  +  2 (Cu)SpS  +  «|p  -  *2  -  (Zu  ♦  Hi  +  H^s  4-  (Z^  - 

i  (s  -zj(e  -M,) 

When  the  static  stability  is  zero,  l*e>,  the  c*g*  Is  at  the  neutral 
point  and  ■  0,  the  short-period  characteristic  function  reduces  to 
(a  -  2w)(e  -  M^),  These  roots  are  used  as  starting  points  for  the 
locus*  lbs  effects  of  variation  on  the  short  period  are  shown  as 
root  and  corresponding  step  function  control  input  ties  response  plots 
In  Figure  10* 

Figure  10a  illustrates  the  root  variation  as  Hs  is  permitted  to 
become  more  negative  (*•§•»  c*§«  increasingly  movad  further  forward  of 
the  neutral  point).  The  short-period  changes  from  the  two  roots  (Z^  and 
Mq)  it  8  to  i  rendezvous  point  at  (Zy  ♦  H^)/2,  and  then  break  away  to 
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fro*  the  phugoid,  approach  each  other,  rendezvous,  and  become  a  quad¬ 
ratic  pair.  Aa  the  static  stability  ia  further  decreased,  this  pair 
approaches  the  classical  two-degree-of-freedoo  phugold  mode  wherein 
Up  i  ^gZu/tJ0  «  /2g/U0  *  In  this  classic  phugoid  (Reference  22)  the 
angle  of  attack  is  fixed  while  airspeed  and  pitch  attitude  oscillate, 
Interchanging  potential  and  kinetic  energy,  damped  only  by  drag.  Thus, 
the  actual  divergence  in  tha  three-degree-of-freedoo  case  does  not  stem 
from  the  short  period,  but  rather  from  the  phugoid.  The  important  point 
to  be  noted  is  that  stability  ia  just  neutral  in  the  three-degree-of- 
freedom  motions  when  Che  static  margin  ie  reduced  to  tew.  Use  of  the 
short-period  approximation  indicates  neutral  stability  when  the  maneuver 
margin  ia  zero.  (In  all  of  this  discussion,  the  pitching  moment  change 
due  to  speed  change,  My,  is  assumed  to  be  znro,  so  that  static  stability 
ia  governed  entirely  by  \») 

Another  interesting  perspective  about  the  short-period  response  can 
be  gained  using  cfte  peck  q/qg8  ver8UB  j^sp  coordinate#  of  Figure  § 
as  a  backdrop  for  variations  in  stability.  In  principle  it  might  aeesa 
that  almost  any  response  is  available  (i«e»,  any  point  within  the 
0  <  c  <  i  space  of  Figure  9  '•ould  be  reached)  if  one  only  designs  and 
balances  the  aircraft  configuration  properly.  This  id  partly  true  1» 
that  sny  desired  ehort-pariod  damping  ratio,  Cap  can  be  achieved  using  £ 
pitch  damping  evwjsanfcor.  But,  because  the  path/autitude  lag  ia  a  given 
for  a  particular  wing  con f ifcuration,  th©  adjustment  o*  t;.g.  (and  hence 
of  can  lead  only  to  a  tightly  constrained  set  o£  dynamic  response 
properties*  This  i&  shown  ia  Figu.-  ; to-*  th®  Generic  RSS  aircraft  its 
cruise.  The  curve  shows  what  ie  attainable  in  terms  of  ovoiehoot*  daap- 
log  ratio,  etc.  For  instance,  It  indicate*  that  very  lasrg$  static 
ttsrqinfi  are  accompanied  by  large  overshoot#  induced  by  both  the 
and  l/T®,  -  «ap  spread*  IMe  ia  to  fca  mpeetei  when  total  abort -period 
damping  is  contrast  and  is  increased,  as  oeewa  when  fh*  c*$*  i* 
e? wed  forvsrd  (ee®  Figure  13a) «  Aa  static  stability  ie  reduced  duo  to 

decreasing  %  a#  tha  c«g»  ia  owed  fill*  ■  th*  #lp&K  vftt* 
dsc-roses#  and  the  deeding  reiio  ioftresMWice*  Tb*  cur  mu  defining  the 
sttaiaaH*  djuieie  properties  com  be  shifted*  mtaly  up  mii  %f 
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Overshoot  Variation  with  Static  Kargin  for 
Aircraft  (Generic  Aircraft  in  Cruise) 
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A  major  distinction  can  also  be  made  between  the  superaugmented  and 
conventional  aircraft  with  reference  to  the  aerodynamic  characteristics 
which  underlie  their  responses*  For  the  conventional  aircraft*  even  in 
the  short  period,  the  stability  derivatives  2W,  M^,  and  ^  together  with 
their  variations  with  flight  condition,  are  major  governing  parameters. 
When  the  complete  three-degree-of-freedoo  airplane  characteristics  are 
also  taken  into  account,  several  more  derivatives  become  Important 
(e.g.,  Zu,  My,  X^,  etc.).  On  the  other  hand,  to  the  extent  that  the 
augmentation  system  can  be  made  to  approach  the  superaugmented  charac¬ 
teristics,  the  aerodynamic  parameters  of  importance  reduec  to  the  sur¬ 
face  effectiveness,  M$.  Potential  variations  in  other  derivatives  must, 
of  course,  be  assessed  in  the  design  process  to  assure  that  no  possible 
variation  could  upset  this  applecart,  but  in  actual  system  operation  the 
primary  sensitivity  and  variations  of  interest  are  those  of  In  some 

ways,  this  sparsity  of  airplane-characteristic-dependence  for  aircraft 
which  approach  Che  superaugmented  state  offers  a  major  advantage.  The 
system  which  provides  superaugmentation  will  itself  be  complex  in  that 
it  is  multiply  redundant,  yet  the  properties  of  any  single  channel  of 
the  multiple  redundant  system  are  extremely  simple,  straightforward,  and 
aenaicive  to  only  a  very  few  parameters.  Thus,  the  concept  of  a 
"simplex"  multiple  redundant  augmentor  has  soma  appeal  and  bears  further 
consideration. 

Finally,  the  ultimate  comparison  of  tha  conventional  and  suporaug- 
mented  vehicles  is  connected  with  tho  closed-loop  precision  path  control 
flying  quality  aspects.  Referring  to  Figure  5,  we  can  now  indicate  why 
the  augmented  aircraft  pitch  dynamics  block  was  not  ©ado  toore  specific 
in  terms  of  the  subscripts  for  the  quantities  in  tha  transfer  function 
incorporated  there.  The  attitude  lead  is  now  no  longer  Tgj,  but  the 
control  system  lead  T^,  while  the  undamped  natural  frequency  and  damping 
ratio  are  unrelated  to  those  of  the  conventional  short  period.  Thue, 
the  augmented  aircraft  pitch  attitude  dynamics  are  potentially  funda¬ 
mentally  different  than  those  of  a  conventionally  augmented  aircraft. 
Hot  tho  least  important  of  theee  differences  is  the  replacement  of  the 
Te  2  lead  by  Tq,  for  now  the  attitude  load  is  not  the  same  aa  the  path } 
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EXECUTIVE  SUMMARY 


Considerable  attention  haa  been  given  recently  to  the  use  of  certain  advanced  air¬ 
craft  configurations  and  flight  control  designs  and  the  la^leBantation  of  saw  systea 
concepts  in  order  to  improve  or  optladxe  aircraft  designs,  flight  characteristics » 
performance,  and  efficiency.  Utilisation  of  thaaa  net*  aircraft  end  eystew  concepts 
to  achieve  theee  desired  goals  usually  requires  consideration  of  beneficial  design 
factors  (such  as  aft  center  of  grevity  and  smaller  elsad  t&i 1-planes  and  empennage) 
that  tend  to  cause  poorer  aircraft  flying  qualities  chareetsriaeics  for  certain 
nodes  of  flight.  Therefore,  for  assay  nav  generation  aircraft,  it  will  he  necessary 
to  provide  various  tiers  of  stability  end  control  augaentatiou  to  qptiaise  the 
designs  as  veil  as  compensate  for  potential  problems  associated  with  flying  quali¬ 
ties  safety  requirement a  for  failed-state  conditions*  Tfca  trend  of  using  highly 
augmented  flight  systems  is  well  established  and  indeed,  in  the  recent  i*ASA  spon¬ 
sored  study  for  Energy  Efficient  Transports,  the  Boeing,  Bougies,  and  Lockheed  air¬ 
craft  companies  all  reccaaend  highly  augmented  airplanes  for  their  proposed  designs. 

In  the  present  study,  the  flying  qualities  of  highly  augnanted  aircraft  are  examined 
In  the  context  of  the  current  Federal  Aviation  Regulation*  (FAR)  end  supporting 
Engineering  Flight  Teat  Guides  to  determine  if  they  require  modification  and/or 
updating.  Also,  attention  is  directed  toward  the  determination  of  the  data  end 
information  needed  to  adequately  and  efficiently  assess  the  flying  qualities  air¬ 
worthiness  of  highly  augmented  aircraft  and  systems  to  ensure  that  they  meet  the 
minimum  requirements  for  a  level  of  safety* 

First,  It  eust  be  clearly  understood  that  the  current  flying  qualifies  related  FAR 
are  based  essentially  on  classical  stability  and  control  of  uaaugsaeated  aircraft. 
Therefore,  it  was  necessary  to  determine  what  specific  differences  exist  between  the 
flying  qualities  of  classical  unaupsa&ted  aircraft  and  the  highly  augaesated  (or 
super  augmented)  aircraft  being  proposed  for  greater  parfosxaaea  and  fuel  efficiency. 
It  has  bean  the  purpose  of  this  study  to  make  such  defcesrdaiitioaa  and  updating  of 
pertinent  agency  documents.  The  results  of  the  study  are  presented  in  two  voiuaea. 
Volume  I  contains  a  detailed  review  of  the  assessments  as  defined  in  the  FAS  and 
Engineering  Flight  Teat  Guide#.  Volume  II  contain#  a  wore  detailed  technical  analy¬ 
sis  of  highly  sugsaantad  and  super  augasntsd  aircraft  to  provide  analytical  support 
for  Volume  I.  The  aphasia  is  on  tha  longitudinal  exia  in  keeping  wirfc  the  dseire 
to  provide  fuel  efficiency  via  relaxed  static  stability.  However,  sows  consider*- 
tiona  of  tho  lateral  and  directional  axes  have  also  been  reviewed. 

The  difficulty  in  changing  established  regulations  has  been  an  dvarridtttf  considera¬ 
tion,  attd  suggestions  to  modify  an  existing  FAR  were  wade  only  when  no  sitaraaeivw 
could  bo  identified.  In  nearly  all  cssos,  the  existing  FAR  have  bean  tomti  to  be 
adequate  with  the  important  proviso  that  detailed  interpretation#  and  flight  test 
procedures  can  be  developed  for  inclusion  in  the  supporting  Eagiaaarieg  Flight  test 
Guide.  However,  it  appears  that  the  current  versions  of  the  Ettf inhering  Flight  'Test 
Guide  do  not  provide  adequate  guidance  to  support  the  flying  qo&litis*  sirvorthiastae 
assessment  of  highly  (unwanted  aircraft  and  will  require  significant  wolifitatious 
and  updating.  In  fact,  many  important  sections  in  the  Engineering  Flight  Test  Guides 
are  blank  or  missing  and  listed  siaply  as  “Reserved." 

Specific  areas  of  Interest  or  possible  activities  treaded  to  eld  in  upgrading  the 
pertinent  documents  ere  detailed.  Brief  ceweente  ou  some  cf  these  areas  ere:  A 
synopsis  of  FAA  pertinent  date  end  ia5orwation  taken  free  applicable  portions  of 
flight  test  and  simulations  studios  (as  accomplished  by  KASA;  ODD  in  the  form  of 


report*  and  handbook*;  e.g.,  MIL-F-8735C) ,  should  be  culled  and  portion*  Included 
In  the  FAA  Engineering  Flight  Te«t  Guide*  in  a  format  th*t  ie  readily  usable  to  the 
agency  end  certification  teea  aaabert  la  the  flying  qualities  airworthiness  aasass- 
m*nt  process  for  minimal  rsqulraaants  for  *  level  of  safety.  Specific  piloting 
task*  should  be  defined  for  evaluation  of  critical  aspects  of  certain  features  of 
highly  augasntad  aircraft.  Xaaua*  related  to  "Icog-tera"  dynanic  stability  require- 
suits  need  to  be  fully  sad  efficiently  addressed.  The  idiosyncrasies  of  specific 
augmentation  schesee  should  be  discussed  in  sons  deteil  so  FAA  flight  teet  engineers 
end  t«3t  pilots  can  fully  and  efficiently  evaluate  such  systems.  For  essaaple,  both 
active  and  passive  augsantation  schemas  should  be  covered  ranging  from  domaprlnga 
and  bobweights  all  the  way  to  highly  redundant  full-authority  high-gain  fly-by-wire 
systems.  All  aspects  of  augmentation  syetee  failures  should  be  considered.  For 
exasple,  the  Eaginefr'ns  Flight  Teet  Guide  should  contain  a  clear  interpretation  of 
what  constitutes,  "non-essential,"  "essential,"  and  "critical"  flight  control  func¬ 
tions.  In  addition,  the  effects  of  failure  transients  and  critical  conditions  for 
falluras  should  ba  spelled  out  in  detail. 

Currently,  the  minimus  requirasent*  for  a  level  of  safety  are  defined  by  several 
key  phrases  scattered  throughout  the  FAR.  For  estaaple,  "without  exceptional  piloting 
skill,  alertness,  (attention)  or  strength"  is  the  phrase  used  to  distinguish  between 
what  is  and  what  is  not  an  acceptable  level  of  safety  in  gone  paragraphs.  A  nor* 
definitive  rating  rationale  and  structure  should  ba  deeiptsd  and  considered  for 
agency  use  by  the  FAA  flight  test  pilot*  and  engineers  as  m  additional  aid  In  deter¬ 
mining  wore  precisely  what  constitutes  PASS /FAIL  rating  and  compliance  with  "key- 
phrase"  use  for  the  evaluation  of  flying  qualities  utia&atai  requirements  for  a  level 
of  safety.  To  this  end,  Foliate  I  suggests  that  the  wsll-kacsm  and  widely  used 
Cooper-Harper  Rating  Seals  be  note  foneally  utilised,  in  truncated  fora,  in  the 
flying  qualities  appraisal  process.  That  is,  the  Coopsr-Uarper  "Rating"  column,  the 
Aircraft  Characteristics  eoiuao,  end  Gostaads  on  the  Pilot  (Workload)  coluua  arm 
idaatically  retained  but  the  block  diagram  ackee&tics  for  Adequacy  for  Selected  Task 
have  been  excised  and  «  new  PASS/FAIL  Judgsaane  column  (daaigoed  and  calibrated 
specifically  for  FAA  application)  has  fwm  justapesed  with  the  familiar  lO-pcint 
rating -scale  for  agency  use  in  conjunction  with  tha  existing  "key-phrases"  of  the 
FAI  and  flight  test  guides.  This  truncated  versica  of  the  Cooper-Harper  Flying 
Qualities  rating  system  ie  offered  hare  fee  seduce  agency  application  difficulties 
and  otbsr  past  rating  complexity  issues.  It  presides  m  initial  rationale  with  a 
sore  solid  date  foundation  that  should  aid  greatly  in  etructurieg  all  airworthiness 
PASS /FAIL  appraisals.  Also,  use  of  this  type  of  sating  seals  should  ellninata  or  at 
least  mitigate  objections  by  soma  applicants  twisted  to  relative  rating  cottparlsao* 
(of  "gcodaias"  or  "Undnsse")  of  aircraft,  system* ,  aad  products. 


In  the  preseat  seedy,  we  have  defined  specific  antes  '-?  co&eero  is a  aircraft  flying 
qualities  ralstad  Federal  Aviation  kegulstioas  *ad  associated  Flight 

Teat  Guide*  when  utilised  for  tha  aitwort Mnfese  asaausnsnt  o£  highly  animated 
aircraft. 
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A  great  deal  of  attention  haa  recently  bean  given  to  the  technologi¬ 
cal  ways  and  means  of  improving  aircraft  eoirgy  efficiency  and  perfor¬ 
mance.  It  la  believed  that  thla  trend  will  continue  vifch,  if  anything, 
Increasing  urgency  in  the  years  ahead.  A  leading  approach  haa  been  the 
development  of  new  control  concepts  which  can  be  used  in  conjunction 
with  aircraft  configuration  tailoring  to  achieve  e  more  efficient  aye tea 
product.  Conservative  versions  of  modern  Multiple  fail  operational 
flight  control,  as  exemplified  by  the  Space  Shuttle  and  new  fighters 

coning  into  the  inventory,  provide  the  capability  for  Major  weight  and 

voluae  reductions  and  performance  enhancements  In  the  primary  flight 

control  system  elements  and  for  optimization  of  the  basic  airframe  for 
performance  properties  such  as  lov  drag,  longer  fatigue  life,  etc.  The 
new  control  technology  permits  thla  to  bo  accomplished  without  sou*  of 
the  traditional  penalties  imposed  by  stability  end  control  or  flying 

quality  requirements.  Indeed,  the  new  flight  control  technology  can 
redress  stability  and  control  imbalance*  which  eerlier  would  have  been 
considered  to  be  excessive,  whila  at  the  scuta  £i a*  provide  flying 
quality  '•haracterlstici  which  border  on  the  absolute  optimus. 

Because  of  these  technological  trends,  it  is  important  to  review 
whether  the  existing  federal  Aviation  Emulations  (FAE's)  and  their 
associated  flight  test  guides  are  still  pertinent  to  cops  with  potential 
advanced  systems.  In  order  to  do  this,  the  characteristics  of  repre¬ 
sentative  advanced  ays  tew*  need  to  be  competed  with  thoe.fi  of  existing 
conventional  aircraft  to  determine  sfesthar  e  procedure  based  oo  evolu¬ 
tionary,  by  analogy,  extensions  of  existing  knowledge  end  approaches  ie 
sufficient  to  cop«  with  Che  future  or  whether  row*  fuadsaeoeal  du&ge* 
may  be  required.  Accordingly,  she  primary  purples  of  this  etudy  1*  to 
determine  res  ramificatioe*  oS  relaxed  static  stability  (8&i>  airplane 
characteristic*  end  associated  advanced  flight  control  syetsa  behavior 
oo  flying  qualities,  in  geaarel,  but  with  a  focus  oa  aircraft  cowered  by 
Pert  25  of  eh-  FAP*.  In  this  report,  the  emphasis  is  cu  determlmlag  the 
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relative  similarities  and  differences  between  heavily  augmented  and  con¬ 
ventional  aircraft.  A  nuaber  of  Important  distinctions  have  been  found 
and  are  described  and  explained  here.  Unfortunately,  while  distinctions 
have  been  drawn  and  issues  developed,  the  existing  data  base  from  analy¬ 
sis,  simulation  and  flight  la  insufficient  to  resolve  some  of  the  key 
questions.  In  this  sense,  this  report  can  serve  only  aa  an  introduction 
to  a  future  agenda. 

The  approach  we  have  taken  is  initially  to  review  (in  Section  II) 
the  growth  of  stability  augmentation  and  Its  potential  for  taking  care 
of  aircraft  dynamic  deficiencies  which  may  be  incidental  to  aircraft 
configuration  tailoring  for  energy  efficiency.  This  amounts  to  an  out¬ 
line  of  incentives  for  heavy  augmentation,  i.e.,  for  full  authority, 
multiple  redundant  command  augmentation  systems.  With  such  systems,  the 
consequences  of  failure  demand  major  r-taution  aa  an  integral  part  of 
the  system  evolution  and  operation. 

V«  next  (Section  III)  address  the  flying  qualities  and  dynamics  of 
relaxed  static  stability  aircraft*  Plying  qualities  ere  first  divided 
into  different  categoric*  of  control  functions  needed  to  conduct  flight 
operations,  and  associated  levels  of  pilot  involvement.  Tha  potential 
expansion  of  operating  conditions  defined  by  tfca  PASa  to  include  config¬ 
urations  associated  with  stability  augmentation  syateta  (SAS)  failures 
end  allowable  SAS-off  aircraft  dynamics  follow*.  Attention  ia  then 
focueed  on  high  workload  pilot /aircraft  control  operations  aa  the  can- 
trsl  iasua  in  safety-related  flying  qualities.  With  this  orientation 
precision  path  control  is  put  forth  so  the  key  control  task  to  explore 
the  efface*  of  husvy  augmentation  on  cloeod-loop  pllut/aircraft  system 
flying  qualities. 

With  precision  path  control  as  the  focal  point,  the  dynamic  charac¬ 
teristics  of  e  conventional  aircraft  are  than  developed  and  described. 
These  are  than  compared  with  the  similar  dynamics  of  a  relaxed  static 
stability  aircraft  which  is  further  illustrated  using  specific  examples 
based  on  s  set  of  geoscie  ESS  aircraft  cMracteristi.ee  (provided  in 
Appendix  A)* 
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The  dynamics  of  the  related  static  stability  aircraft  beecca  core 
unfavorable  tha  greaser  the  "relaxation".  Iha  greatest  energy  effi¬ 
ciency  and  performance  benefits  are  gained  risen  the  static  stability  can 
aoeetises  bo  somewhat  unstable  end  it  is  in  these  cates  that  heavy  aug¬ 
mentation  is  required*  Partial  benefits  can,  of  course,  be  obtained 
with  relased  static  stability  at  a  level  therein  the  aircraft-aloha  is 
still  statically  etsble,  but  shoes  conditions  do  not  require  full 
authority,  heavy  augmentation*  To  correct  the  aircreft-aiotte  stability 
deficiencies,  a  number  of  augmentation  schemes  are  poasible.  These  are 
described,  and  then  ft  particular  type  of  eyate*  ie  put  forth  as  an  exam¬ 
ple.  The  characteristics  of  the  aircraft /eugmaatetion  system  are  then 
developed  and  contrasted  with  those  of  the  conventional  aircraft*  The 
discussion  show's  that  a  properly  designed  auga&ntor  can  result  in  atti¬ 
tude  response  characteristics  which  are  identical  in  font  to  those  of 
the  conventional  aircraft  short  period  node*  On  the  other  hand,  the 
parameters  which  govern  this  response  are  entirely  different  in  their 
origin  and  ®ay  bo  significantly  different  in  their  quantitative  values. 
This  feature  of  heavily  augmented  aircraft  brings  new  flying  quality 
considerations  Co  the  fore. 

The  next  section  (IV)  starts  with  a  suotery  of  the  fundaeaetal  fly¬ 
ing  quality  differences  between  heavily  augmented  and  conventional  air¬ 
craft  *  It  then  explores  these  di  'renees  for  thaic  conadquancea  viewed 
in  the  light  of  existing  data*  An  exemplary  set  of  response  boundaries 
for  ESS  aircraft  are  used  in  this  exploration  t»  a  Metrsvm*oM  backdrop 
for  roaparlog  pertinent  conventional  and  highly  augmented  system  dec*. 
The  example  heavily  sugoented  ESS  aircraft  used  as  our  study  example 
happens  to  fit  veil  viehin  these  axmnplsry  framework,  as  do  some  data 
for  conventional  aircraft.  Interestingly  enough,  the  conventional  data 
which  fall  within  the  frassawork  ere  for  aircraft  with  v«ty  marginal  fly¬ 
ing  quality  character iet ice*  On  the  other  Ins*,  data  for  other  conven¬ 
tional  aircraft  which  do  peeaaee  good  flying  qualities  do  not  fall 
within  the  exemplary  be wader i*«.  On®  iaterptecatioe  of  this  i*  that 
criteria  which  may  ttfplf  as  reasonable  bomsds  t»  highly  augmuetod  air¬ 
craft  are  not  sulfide***  to  define  a  good  coaveatloaal  sltylsne.  than. 
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by  a aj logy,  the  highly  augmented  airplane,  which  does  fly  within  its 
strawiun  bounds,  may  have  flying  qualities  Which  ate  unfavorable*  On 
the  other  hand,  the  difference  in  characteristics  between  highly  augmen¬ 
ted  and  conventional  aircraft  say  be  responsible  for  the  disparity* 
That  this  is  a  likely  possibility  is  given  eredacce  by  a  datum  which 
approaches  the  Idealised  heavily  augmented  condition  (called  superaug- 
xanted  herein) •  For  this  particular  simulated  aircraft,  the  flying 
qualities  were  rated  an  high  aa  a  1  by  one  pilot* 

Other  differences  between  heavily  augmented  and  conventional  air¬ 
craft  are  then  explored.  These  include  the  pilot  atich  force  variation 
with  speed  and  many  of  the  side  affects  of  a  particular  mechanisation  cn 
the  flying  qualities  of  heavily  augmented  aircraft*  These  letter  points 
stem  from  the  peculiarities  of  particular  sensors  or  flight  control  sys¬ 
tem  srchitecture*.  Finally,  the  consequences  of  increased  time  lags 
introduced  by  the  control  systems  la  addressed  aa  a  general  in sue  asso¬ 
ciated  with  heavily  augmented  aircraft. 

The  final  section  (V)  presents  a  summary  of  conclusions,  and  an 
appendix  documents  the  generic  RS$  transport  aircraft  dynamics  uaed  in 
the  study. 
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4.  mwziin  timmtsw* 


Since  the  immedigt®  p-m-itorld  Ksr  il  period*  stability  augmentation 
has  offered  a  standard  ssaane  to  lap rove  the  flying  qualities  of  piloted 
aircraft*  Augaantora  modify  the  effective  dynamics  of  the  aircraft 
exhibited  to  the  pilot,  they  operate  in  aeries  with  the  pilot's  inputs 
so  chat  the  pilot  is  unaware  that  an  automatic  system  is  Involved. 
Thus,  within  the  range  of  the  augaentor's  control  authority,  the  effec¬ 
tive  aircraft  dynamics  can  b«  adjusted  over  vary  wide  rengee  to  best  fit 
the  pilot's  and  desires. 

fcacai-. .  of  the  series  installation,  safety  in  the  event  of  augaentor 
failure  has  alwavs  bean  a  central  issue.  With  single-thread  ougaentore, 
restricted  authority  is  the  only  answer.  This  authority  must  be  suffi¬ 
ciently  limited  to  permit  sate  recovery  by  the  pilot  in  the  event  of 
hard-over  failures,  end  the  aircraft  with  the  augaentor  inoperative  must 
ue  safely  flyable.  As  a  practical  Matter  single*»thread  systems  are 
usually  confined  to  the  is^roveKeat  of  aircraft  rofcory  damping  charac¬ 
teristics  or  small  lift  adjustment?  (e»gr,  isprcveuant  of  the  damping  In 
the  dutch  roll  mode,  saaauver  lead  control,  blended  DLC,  ate).  For  most 
preaeut-day  transport  aircraft  those  at#  the  major  usee  of  stability 
augmesitation.  In  almoafc  all  cases,  aircraft  designers  have  attempted  to 
sake  the  aircraft  safely  flyable  with  stability  augsaataeica  off  so  as 
to  avoid  making  tha  augiiiaaio.7  a  dispatch  iteu. 

If  a  desira  for  other  than  airsp^e  dating  function®  or  esall  lift 
changes  crises,  a  larger  ptuportion  of  total  control  surface  authority 
ic  required  for  the  augjasatation.  Historically,  this  has  proceeded  in 
several  steps  (Safarsnca  1).  Initially,  th*  safety  in  the  event  of  a 
hard-war  was  improved  by  us img  dual  cbuuesle  uith  cha  actuators  ^usssini 
their  forces  at  a  common  point.  In  tha  event:  of  a  hard-ova?  failure  in 


oss«  channel ,  the  other  would  then  ■ resist  and  counter,  and  the  system 
would  be  ’'tall-soft”  rath**  than  hard-over*  Thue,  oo  untoward  teotasnt  Is 
applied  to  the  aircraft,  although  the  dynamics  after  failure  are  those 
of  the  aircraft  alone*  Then,  In  the  sost  elaborate  sodem  system,  such 
as  those  on  the  F-16,  F-18,  and  Space  Shuttle,  the  augaentor  ia  multiply 
redundant,  with  either  three  or  four  largely  independent  channels. 
These  systems  are  of  very  high  integrity  and  are  typically  arranged  to 
be  multiple  fail-operative*  Essentially,  any  imaginable  aircraft-alone 
stability  deficiency  can  be  corrected  with  such  full-authority  systeas, 
as  long  as  sufficient  control  power  is  available* 

While  such  extensive  multiple  redundant,  fly-by-«ire  (or  fly-by- 
llght)  systems  are  currently  part  of  many  high-performance  aircraft, 
they  have  yet  to  find  a  role  in  transporta  as  full-tiae  operating  sys¬ 
tems*  Of  course,  fai) -operational  capability  for  relatively  short-time 
tasks,  such  as  autoland,  is  commonplace  (e*g»,  the  Trident  has  Bade  more 
than  50,000  in-aervire  automatic  landings,  see  Reference  2)*  But,  these 
systems  are  automatic  flight  controls  (usually  installed  In  parallel  and. 
moving  the  controls  in  lieu  of  the  pilot)  rather  than  augmentation  sys¬ 
tems,  part-time  rather  than  full-time,  and  always  optional* 

Although  the  stability  problems  of  supersonic  transports  have  led  to 
considerations  of  multiple-redundant  augmentation  systems,  such  as  the 
four  independent  channel  hardened  stability  augmentation  system  (H8AS) 
considered  for  the  US  SSI  (References  3  and  4),  for  eubsoalc  transports 
aircraft  designers  have  been  able  to  get  by  with  nothing  more  elaborate 
tuan  dual-channel  dampers.  In  the  main,  these  jys terns  Improve  damping, 
fatigue  life,  ride  qualities,  and  pilot  workload.  They  have  been  non- 
£ light-critical  In  that  complete  loss  of  function  would  result  in 
increased  crew  workload  but  not  in  any  hasard  to  continuous  safe  flight* 
And,  most  important  to  some  of  the  considerations  to  be  developed  her*, 
Che  effective  dynamics  of  the  augmented  aircraft  can  be  described  as 
convent  jovial  for  both  attitude  and  path  control  function*.  Conse¬ 
quently,  for  these  types  of  aircraft,  the  FAR®  related  to  flying  quali¬ 
ties  are  just  as  appropriate  for  stability  aug&antsd  aircraft  that 
behave  conventionally  as  for  conventions!  aircraft  with  no  augmentation. 
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Hi*  prSeery  additional  coasiiorntlona  iatso&jeed  by  the  presence  of  eu|j- 
mea&atis®  sre  eseceietei  wish  failure  possibilities  cad  recovery  end 
continued  safety  of  Sllg&fe  after  failure*  la  the  contest  of  the  £&&s 
this  basically  means  *s$«*ai©a  of  the  aasgfear  of  flight  task®  to  be 
considered  —  tacfca  akin  to  these  seeded  for  proper  eseeaaseat  of  sudden 
englne-out  coalitions  la  sulli-sagiee  aircraft* 

i.  &acahff  wmwmmiM  mumsm 
m  m mm  mnvm&$ 

The  ljng-tera  status  quo  wherein  stability  augmentation  has  been 
desirable  and  cost-effective  but  nonetheless  *  nea-fltfht-critlcal  fea¬ 
ture  may  be  nearing  an  end*  The  progress  of  technology  for  nultlple- 
redundant  fall-operational  ayetaes  and  experience  in  Many  operational 
aircraft  have  baen  accompanied  by  major  expansions  in  the  activities 
which  can  be  accomplished  by  flight  control*  These  include  e  cornucopia 
of  functions  Intended  to  permit  extensions  in  performance  envelopes  — 
longitudinal  and  lateral  stability  enhanc ament,  span  load  Modification, 
elastic  node  suppression,  ride  ssoothing,  flutter  prevention,  etc* 
These  have  been  studied,  and  to  some  extent  applied,  over  the  last 
decade  and  are  grouped  under  the  general  heading  of  active  control  tech¬ 
nology  (References  2,  5-9)*  Military  and  space  applications  have  of 
course  led  the  vsy,  although  the  National  Aeronautics  and  Space  Admini¬ 
stration  and  tht  transport  aircraft  Manufacturers  have  devetsd  consider¬ 
able  effort  to  coafiMsrcial  transport  applications,  primarily  In  an 
atteapt  to  reduc*  direct  op«rat*n»  coats  via  fuel  savings  (a*g*,  Refer¬ 
ences  10-12)*  This  thrust  totwro  energy-efficient  operations  has 
.  focused  on  drag  reduction  and  L/D  improvement*  Sows  of  tba  aircraft 

longitudinal  configuration  characteristics  directly  associated  with 
_  stability  and  control  which  can  affect  tksee  benefits  are  typified  in 

Figure  1*  Such  features  as  reduced  tall  else  can  also  have  an  impact  on 
the  lateral  properties*  Tbs  configuration  cbixecteriati.es  listed  have 
-c/'  aerodynamic  and  structure.*  aspects*  EWraiita  and  trim  drag  reduc¬ 
tions  art  predominantly  sersdyaamlc,  eh arena  L/C  irevovn^set  end  lift 
distribution  adjustment  involve  structural  features  as  well*  lor 
instance,  the  increased  aspect  ratio  ie  achieved  with  significantly  lens 

o 
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added  structural  weight  than  would  nozaally  be  required  fey  resorting  to 
active  control  for  wieg  load  sliaviatica.  Weight  savings  thus  add  to 
the  aerodynaaic  iapsoveaceat  as  an  additional  heaofis* 


Drag  Reduction 


Parasite  dreg  —  reduced  tail  sise 

Tria  drag  —  reduced  tail  download  and  triaslng 
surface (a)  deflection 

Induced  drag  —  acre  positive  tail  lift  for  given 
total  trlased  lift  coefficient 

More  elliptical  lift  distribution  —  active  control 
on  wing 


L/D  Iagroveaent 

Increased  aspect  ratio  —  active  control  on  wing  to 
reduce  wing  root  bending  aoacnt 


Figure  1*  Sobs  Aircraft  Configuration  Characteristics 
Associated  with  Inproveoants  in 
Energy  Efficiency 


While  theee  aircraft  configuration  characteristics  provide  fuel 
efficiency  payoff* ,  there  are  control  aye tew  "coeten  Incurred.  Tha 
flret  is  the  used  for  a  now  control  iyst«e  to  provide  the  active  control 
features  on  the  wing.  The  second  is  an  extension  in  function  end  con¬ 
trol  authority  of  the  longitudinal  stability  eug&sntor  to  redress  the 
stability  and  control  deficiencies  caused  by  configuration  tailoring  for 
drag  reduction  and  the  active  controls  on  the  wing. 

While  all  of  the  longitudinal  stability  characteristics  are  affected 
to  sobs  extent  by  the  configuration  characteristics,  the  ns  jar  inpeet  of 
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the  Figure  i  trends  is  an  the  longitudinal  weathercock  tendency  (short- 
period  static,  stability)  and  tto  pitch  danping*  the  principal  aey&dy- 
nasie  stability  derivatives  governing  these  response  properties  are  the 
pitching  acceleration  due  to  angle  of  attack,  ^  (C^  in  coefficient 
font)  and  the  pitching  acceleration  due  to  rate  of  pitch,  Hq  (C^  as  s 
coefficient )<>  Tfes  pitch  danplsg  tarn*  1^,  Is  reduced  by  the  reduced 
tail  alas  and  by  any  reduction  in  effective  tail  length,  this  daaplng 
reduction  could  easily  ba  countered  by  a  restricted  authority  pitch 
deeper.  The  note  profound  effect  ia  on  weathercock  stability,  which 
governs  the  static  stability  of  the  airplane.  For  trin  drag  reduction 
alone,  tha  static  stability  would  be  aede  essentially  neutral,  but  the 
wing  load  alleviation  and  other  ectlve  control  features  can  provide  an 
additional  destabilising  increment.  Thus,  tha  affective  ^  can  raflsct 
fro*  essentially  neutral  to  unstable  static  aargias.  The  rectification 
of  theoe  stability  and  control  deficiencies  and  tha  provision  of  ade¬ 
quate  flying  qualities  can  no  longar  ba  accomplished  by  a  United 
authority  daeper,  but  now  will  raqulre  a  much  higher  authority  augoadta- 
tion  system.  Thus,  a  multiple-redundant  command  augmentation  systsn  is 
indlcattd. 

C.  F&ILDKK  LBFSLS 

The  actual  aircraft  performance  improvements  available  by  applica¬ 
tion  of  integrated  active  controls  including  high-authority  augmentation 
of  the  longitudinal  characteristics  are  highly  configuratiou-speclfic. 
Yet  extensive  studies  have  shown  significant  gains,  especially  with  air¬ 
craft  initially  designed  with  all  these  features  in  mind.  The  studies 
to  date  (e.g.,  References  7,  9-13)  Indicate  that  those  applications  of 
active  control  technology  that  yield  the  greatest  benefits  will  gen¬ 
erally  operate  continuously  and  typically  are  essential  in  at  least  same 
flight  regimes.  Per  safety  of  flight  considorotions  the  criticality 
levels  ("airplane  functions"  in  FAA  terminology)  can  ba  defined  as  indi¬ 
cated  in  Figure  2.  Reliability  objectives  In  tsrms  of  frequency  of 
occurrence  of 
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LEVEL 

DEFINITION 

RELIABILITY 

idiftoittt}' 
flisst  mm  ) 

Kon-essdntial 

Functions  which  could  not  aig- 
nif leant ly  degrade  tha  capability 
of  tha  airplane  or  tha  ability  of 
tha  flight  craw  to  cope  with 
adverse  operating  conditions  if 
accomplished  Improperly  or  lost* 
Failure  conditions  which  result 
in  inproper  accomplishment  or 
loss  of  non-assantial  functions 
aay  ba  probable* 

Probable 
»  10*** 

Essential 

Function*  which  would  reduce  the 
capability  of  the  airplane  or  tha 
ability  of  tha  flight  craw  to 
cope  with  adverse  operating  con¬ 
ditions  if  accomplished  improp¬ 
erly  or  lost*  Failure  conditions 
which  result  in  inpropar  accomp¬ 
lishment  or  loss  of  essential 
functions  must  ba  iaprobable* 

Improbable 

<  10“5 
>  10"® 

Critical 

— 

Functions  which  would  prevent  tha 
continued  safe  flight  and  landing 
of  the  airplane  if  not  properly 
accomplished*  Failure  conditions 
which  result  in  Improper  accomp¬ 
lishment  or  loee  of  critical 
functions  must  be  extremely 
improbable* 

Extremely 

Improbable 

«  10"® 

Figure  2.  Plight  Criticality  Laval* 


failure*  per  hour  of  flight  ties  uy  ba  correlated  as  ah  ova  in  Figure  2 
through  the  requirements  of  Scctiou  25- 1109  of  the  PAR*  Kotlce  that  the 
reliability  for  a  "critical"  eye  tea  la  teutsaouat  to  act  failure*  within 
the  llfetl&a  of  *n  aircraft  fleet,  there  era  m  automatic  flight  control 
systems  which  have  actually  ex hi hi tad  or  have  bean  realistically 
deaignad  to  this  level  of  reliability,  so  augmentation  cystous  which  are 
critical  nay  aaaa  to  ba  premature*  Oa  the  other  hand,  ayafaaa  which 
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operate  at  the  essential  level*  where  erev  action  can  of  face  hazards 
loosed  by  failure,  Are  ee^pietaly  feoal^la*  As  a  practical  states?, 
auguentora  which  ere  cmik«Im4  Co  bo  tw  sort  tbaa  essential  typos  will 
lsposa  a  Halt  on  tin  degree  oi  static  instability  permitted  on  tbs  air¬ 
craft  alone*  That  la,  tba  pilot  auet  be  able  to  recover  ttm  a  complete 
failure  of  the  augoestctlan  aad  retain  safe  control  of  tba  aircraft 
through  ita  flight  phase*  thereafter  in  spite  of  the  instability* 

In  suaaary,  the  type  of  longitudinal  stability  augmentation  needed 
to  take  full  adventage  of  potential  energy  efficiency  improvements  will 
require  large  control  authority  and  will  operate  full  tine*  Hence  it 
will  be  essential  in  nature*  The  aircraft  without  augmentation  will  In 
neny  flight  condition®  be  unstable  or  nearly  so*  Accordingly,  the  sta¬ 
bility  augmentation  syetaa  will  be  at  least  fail-operational  for  the 
first  failure  end  nay  require  au  even  higher  degree  of  integrity  if 
ELTJClK.ua  performance  benefits  etc  to  accrue  froo  the  configuration 
design*  He  refer  to  herein  to  the  totality  of  these  features  as  heavy 
augmentation  to  distinguish  it  froa  the  lucre  usual  limited  authority, 
dual  or  single  thread  lift  Incrementing  or  deeper-type  systems* 
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"Flying  qualities"  are  those  properties  of  an  aircraft  which  Inter¬ 
act  directly  with  the  pilot's  control  actions  In  aircraft  flight  opera¬ 
tions.  As  an  object  of  control,  the  airplane  dynamic  characteristics 
can  be  divided  info  three  general  categories  ae  a  function  of  pilot  con¬ 
trol  Involveaent  (Figure  3).  The  firat  control  function,  unattended 
operation,  dependa  predominantly  on  the  stability  and  response  to  dis¬ 
turbances  of  the  effective  aircraft,  i.e.,  the  airplane  dynaalce  ae 
modified  by  the  stability  augmentation  system*  These  properties  ere 
particularly  Important  for  ride  qualities  In  permitting  the  crew  to  per¬ 
form  functions  other  than  control.  The  second  function,  trim  manage¬ 
ment,  involves  the  pilot  and  effective  airplane  interactively,  but  only 
on  a  nearly  static  basis.  Pilot  involvement  la  highly  intermittent  and 
just  sufficient  to  modify,  adjust,  and  establish  e  condition  of  equilib¬ 
rium  flight.  The  effective  aircraft  characteristics  of  greatest  Impor¬ 
tance  in  trim  management  at*  the  steady-etato  or  very-low-frequency 
dynamics  of  the  aircraft  plus  augmentation  syetese.  Finally,  in  continu¬ 
ous  operation,  the  pilot  le  participating  as  part  of  a  closed-loop 
pilot /vehicle  system  in  changing  the  aircraft  flight  path  (maneuvering) 
or  maintaining  a  desired  flight  path  In  the  presence  of  disturbances 
(regulation).  The  effective  aircraft  dynamics  involved  in  continuous 
control  are  all  of  the  rigid-body  modes  of  the  heavily  augmented  air¬ 
craft,  aa  wall  aa  eeae  higher-frequency  filtering,  delay,  and  flexible 
mode  dynamics.  In  other  words,  the  closed-loop  pllot/vehicle  system 
control  functions  exercise  all  of  the  heavily  augaeatad  aircraft 
dynamics  present  within  the  total  bandwidth  over  which  the  pilot  can 
exert  control. 


TR-1 178-1 


12 


FXL9V 

mUQLttM 

FWKJTIOII 

8eae 

Ocet fended  operation 

Iatarsltteet 
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Figure  3.  CoitCrol  Functions  in  Flight 
Operations 


In  the  contest  of  the  PABj  the  control  functions  of  Figure  3  ere 
•sere  lead  under  cay  probable  set  of  operating  conditions  end  aircraft 
configurer  lone  (including  failures  sad  aaergancies)  through  the  five 
flight  phasos  oft 

©  Takeoff 

•  Cl lab 

©  Level  flight 

©  hive /descent 

®  Landing/go  aroead 

The  EUta  in  osaenca  require  that  the  control  fssscetoo*  bo  accomplished 
without  danger  in  ail  these  phases  and  without  repairing  ** exceptional 
piloting  skill,  alertness,  or  strength."  Although  the  ffcKe  ere  largely 
qualitative,  in  the  final  eaalyele  that#  in  a  basic  "quantification*  of 
the  aircraft  flying  qualities  delivered  by  the  VIA  teat  pilot  cadre  os  e 
go /no-go  ecenaesisot  of  the  level  of  ekill,  attention  (electees),  and 
strength  required  in  perfereisg  required  task*.  For  heavily  engstsated 
aircraft  with  fully  operative  su&Dsetatioa,  such  «a*©«aawaea  say  be  the 
suHcfi  in  principle  to  thoee  eecdeetod  with  conventional  aircraft.  Bcr-- 
ever,  there  can  bo,  ss  we  will  develop  below,  eeta  a 2  effective  aircraft 
dynasties  for  heavily  augaafctad  vehicles  which  differ  in  kind  end  degree 
free  thoee  of  coeveatioeal  aircraft.  These  differences  my  eignifi- 
cently  effect  the  pilot's  eseiicratet.  A  taejor  purpose  of  this  report  la 
to  expose  sod  describe  these  differences. 
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Th®  presence  of  heavy  augmentation  cen  hev«  another  major  Impact  on 
flying  qualities  when  all  probable  operating  conditions  and  configura¬ 
tions  arc  taken  into  account.  The  stability  augmentation  of  a  heavily 
augmented  aircraft  will  often  be  operating  at  the  essential  level 
wherein  complete  loss  of  the  augmentation  function  can  result  in  e 
potential  hazard  to  safe  flight  which  can  ba  averted  by  appropriate 
flight  crew  action.  In  aaseaaing  the  flight  safety  of  such  systems,  the 
spectrum  of  SAS  failure  possibilities  must  be  csrsfully  dsllnseted  and 
examined  for  all  flight  phases.  Proa  such  an  examination  the  most 
critical  condition (a)  can  then  be  defined  as  teat  configurations  juat  as 
engine-out  conditions  are  currently  defined. 

The  myriad  failure  possibilities  of  multiple-redundant  stability 
augmentation  systems  make  the  determination  of  failure  possibilities  and 
probabilities  an  extremely  tedious  and  demanding  analysis  task.  Even 
with  great  skill  and  persistence,  some  possibilities  seem  Inevitably  to 
be  overlooked,  yet  such  fsilure  node  and  effects  analysis  and  relia¬ 
bility  estimates  must  be  accomplished  to  establish  the  general  status  of 
affaire  with  an  essential  or  critical  system.  From  the  flight  safety 
standpoint,  the  key  is  to  determine  those  effective  vehicle  dynamics 
which  are  moat  critical  from  the  standpoint  of  potential  hazard  to  con¬ 
tinued  safe  flight  and  required  craw  action  to  avert  the  ha sard.  As  a 
practical  natter,  thle  fsilure  criticality  Assessment  should  be  con¬ 
sidered  almost  independently  free  ite  probability  of  occurrence 
(although  clearly  coexists  lots  of  function  in  «n  essential  system 
should  be  remote).  If  safe  controllability  sad  mansuverebiiity  can  be 
demonstrated  in  the  presence  of  the  cost  difficult  control  hsratd(e) 
without  requiring  exceptional  piloting  skill-,  alertness,  or  strength, 
and  without  danger  of  exceeding  the  licit  load  factor,  then  surely  the 
aircraft  with  failed  »&**uti*l  SAS  would  meat  th*  iateot  of  th*  Fills. 
§y  focusing  upon  th*  conditions  ol  augmentation  fsilure  which  result  in 
to*  worst  conceivable  control  tasks  s-.il  mender  of  sophistic  discussion 
about  celiubi litis*  s*4  probabilities  my  fcm  skott-ciccuitad ,  if  not 
avoided  completely. 
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This  approach  logically  a^pHae  at  the  essential  level,  where  demon¬ 
stration  that  cm  acti«*  tm  avert  acy  conceivable  he  sard  follows  from 
eh*  flight-critical  deflaitles*  If  eh*  8 AS  is  critical  in  character, 
such  that  complete  lota  ef  the  SkS  functions,  however  improbable* 
raaulta  in  1  ward  late  esd  wac  additional  ha  sard  to  continuous  safe  flight, 
tha  coaaidaratioaa  became  fa?  eora  involved.  In  principle,  there  are 
then  no  tasks  analogous  t*  engine  failure  which  can  be  specified  for 
consideration  in  tha  event  of  complete  loss  of  function.  Again,  there 
are  syried  conditions  of  partial  function  loae  for  which  the  effective 
airplane  dynamics  say  ba  conaidered  as  appropriate  tasks  for  pilot 
assessment,  and  for  which  tha  approach  indicated  above  for  sraential 
portion*  applies.  But  coestU^e  loss  of  augmentation  function  ia  by 
definition  intolerable  and  the  burden  of  proof  requires  i  different 
fundamental  approach  from  that  currently  embedded  in  the  flying  quali¬ 
ties  portions  of  the  ?A&s.  In  other  t?ords,  the  current  ultimate  appeal 
to  flight  demons erst ioo  inherent  in  the  FAR*  cannot  reaolv*  all  tha 
issues  with  critical  eystema.  Fortunately,  for  subsonic  Part  25  air¬ 
craft  of  the  future,  only  essential  functional  levels  are  likely 
(although  the  system®  may  have  reliability  tantamount  to  critical 
levels) . 

0.  ASJSMmS  SA3-OP  ttSUl&l  Bifc*5iIC5 

The  actual  deteminstioe  of  appropriate  task*  to  assess  ior  safe 
vocovery  and  flight  in  the  event  of  varieu*  essential  system  failures  ia 
ayaces-epeclf ic,  so  w«  will  aot  treat  it  further  here,  However,  the 
controllability  of  ssar-eswtirei  end  unstable  aircraft,  which  may  ba 
raprweentativs  of  tha  po e t- f a 11 ure-of-f auction  condition  when  the  effec¬ 
tive  dynamics  of  the  heavily  sugsaa tad  aircraft  become  those  of  the  air¬ 
craft  sIoro  have  bass  studied  extensively  for  well  over  two  decades 
(•**«,  Saferones  14-18).  tm&sa  invest igstiocut  apply  primarily  to  fail- 
soft  situations  wherein  the  loss  of  SAS  function  results  only  in  * 
change  in  tha  aircraft  dynamics  without  the  rgspUcatioe  e£  m  additional 
transient  failure  moment  sc  wall,  the  el  fact  of  "audita4*  failures 
such  as  *ud4aa  lose  of  US  function  use  cot  thoroughly  evaluated  in  any 
of  the  studies. 


The  latest  review  of  all  available  data  (Reference  13)  falls  to 
provide  an  unequivocal  quantitative  basis  for  a  standard*  The  data  do 
indicate  that  tone  alight  abort-period  divergence  can  be  eafely 
rountered  by  the  pilot;  that  workload  is  significantly  Increased  aa  the 
divergence  tine  decreases;  and  that  there  appears  to,  b«  little  differ¬ 
ence  in  pilot  assessment  of  workload  between  normal  and  emergency  opera¬ 
tions.  In  the  case  of  the  letaat  proposed  military  specification 
(Reference  17),  when  the  statement  of  a  quantitative  criterion  was 
deemed  essential,  a  divergence  time  to  double  amplitude  of  6  seconds  for 
Level  3*  conditions  was  selected  (supported  again  by  the  data  alluded  to 
above) • 

A  rigid  constructionist  reeding  of  the  FAR*  indicates  no  longi¬ 
tudinal  divergence  is  permissible.  On  the  other  hand,  the  US  SST  (e.g., 
References  3  and  4)  and  the  Concorde  (a.g.,  Reference  1$)  either  planned 
to  permit  or  actually  exhibit  a  divergence  with  about  a  6  second  time  to 
double  amplitude. 

The  above  status  indicate*  that  the  FARe  aa  interpreted  for  tha 
reduce  states  of  essential  syetoaaa  can  probably  be  relaxed  in  the  sense 
t i!.i r  a  alight  Instability  after  failure  can  be  tolerated.  However,  sore 
date  specifically  oriented  to  the  crew  functions  and  behavior  in  take¬ 
over,  recovery,  and  continued  eaf#  flight  with  «nax$ect«d  SAS  failures 
are  needed  before  a  definite  quantitative  statement  (in  Cere*  of  such 
parameters  es  tiou  to  double  amplitude)  can  be  wd«*. 

D.  HIGH  WORKLOAD  PILOT /AIRCRAFT 

Cy)SS2>-iOOP  COWEROt  omATXORS 


To  assure  safety,  Chose  aircraft  control  function*  which  d@e*nd  the 
greatest  pilot  attention  eud  ekill  require  primary  consideration  in 


*Level  3  ia  defined  aa  lying  qualities  such  that  the  airplaot  may 
bo  controlled  safely,  but  pilot  workload  ia  asxaasive  or  mission  *ff*c- 
ttvatwM  ie  inadequate *  or  both. . . .Category  I  atsd  C  Flight  J&Asa#  (which 
inclvide  Climb,  Cruise,  and  Descent  and  Tir-' *c££,  Approach,  Cc'-Arouad,  aed 
Landing!  c&h  be  completed «H 
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flyinf  qualities  cwMiasntc*  These  are  important  not  only  because  the 
piloting  demand*  must  be  consistent  with  flight  operation*  which  do  not 
require  "exceptional  piloting  skill,  alertness,  or  strength,"  but  also 
because  the  high  control  workload  cituation*  reduce  the  pilot  attention 
available  for  other  activities.  This  leads  to  a  mat  important  indirect 
assessment  that  high  _cc«ngcl-eM9el»tc4  workload  is  sot  detrijsertal  to 

The  aoat  demanding  high  workload  pilot/sircraft  closed-loop  control 
operations  tend  to  be  those  which  involve  precision  path  control  in 
unfavorable  environmental  conditions.  All  flight  phases  involve  soma 
fora  of  path  control  which  incorporates  both  flight  path  changes  and 
flight  path  maintenance  or  regulation.  In  aoat  ordinary  flight  circum¬ 
stances  path  control,  while  an  essential  pilot  skill,  is  nonetheless  a 
relatively  benign  and  low-stress  function.  On  the  other  hand,  when  the 
path  task  1*  itself  very  demanding  aud  th*  environment  unfavorable 
(e.g.,  low  visibility  approach  and  landing  in  turbulence  and  shear),  tha 
precision  path  control  tank  become©  exceedingly  ©racting*  For  these 
reason©  we  shall  here  use  piraciatop  path  control  as  tSte  control  task  to 
explore  the  affects  of  heavy  augmentation  on  closed-loop  pilot/aircraft 
ays tea  flying  qualities. 

A  block  diagram  that  indicates  the  pilot's  setivities  in  precision 
p*tb  control  is  shown  in  Figure  4.  On  eha  right  tha  augmented  aircraft 
has  path  deviation  sad  pitch  attitude  as  the  output  variables  stemming 
from  aircraft  dynamic*  which  are  forced  by  external  atmospheric  distur¬ 
bances,  n ,  and  the  pilot  control  output,  6.  the  augmented  aircraft 
itself  is  a  closed-loop  systaw  comprising  the  sirpiaae-elona  and  augmen¬ 
tation  eyetes.  thus,  eh*  ea.ia.eor*,  computation  sad  actuation  elements 
Involved  in  tha  feodbuck  control  sugssetatioe  syetest,  a*  well  a*  th* 
aircraft  aloe*,  are  msewepaesed  by  tha  "eugsaated  aircraft'*  single  block 
in  Figure  4.  4a  uaderlylmg  assumption  is.  this  digram  it  that  other 
aircraft  control  effectors  each  ax  throstle  or  flap  are  oat  being  con¬ 
tinuously  module  tad  by  pilot  cor  trol  act  loo.  (Tria  sumsg-amact  using 
these  aircraft  effectors,  however,  i*  oot  satciudsd.) 
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Figure  4.  Closed-Loop  Pilot-Aircraft  System  for  Precision 

Path  Control 


Even  though  trtBwaed  precisely,  the  augmented  aircraft  will  not  by 
itself  maintain  exactly  the  preecribed  path  and  attituda  in  she  presence 
of  disturbances.  Consequently,  the  pilot  *ust  exert  control  not  only  to 
establish  the  desired  path  but  also  to  correct  any  deviations  free  the 
desired  attitude  and  path.  This  is  accoopliahed  by  the  pilot  acting  aa 
a  closed-loop  controller,  which  means  simply  chat  the  pilot's  control 
output  ia  dependant  on  (i.o.,  a  function  of)  path  deviation  and  atti¬ 
tude.  Itma,  a  component  of  the  pilot's  control  output  ia  correlated 
with  an  attitude  error  and  soother  component  la  correlated  with  the  dif¬ 
ference  between  the  desired  end  actual  path.  This  relationship  is 
depicted  in  the  Figure  4  block  diagras  a*  a  so-called  ”*ariaa"  pilot 
closure,  i.e.,  the  pilot'*  action  on  path  deviation  acta  in  series  with, 
and  provides  an  internal  "aCtitcuia  easnuad"  for,  the  pilot's  action  on 
attitude  error.  Several  research  studies  using  elaborate  and  detailed 
oaasutetteota  oif  just  this  situation  (e«g>,  ilaferaacee  20  sed  21)  indi¬ 
cate  that  this  eeriea  structure  and  general  pilot  behavior  control  model 
ia  appropriate  for  path  control  situations.  In  essence ,  the  pilot's 
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higher-frequency  control  actions  are  devoted  primarily  to  attitude  so 
that  the  "Inner"  attitude  loop  is  tightly  closed  and  the  attitude  is 
well  regulated.  This  tight  inner  loop  makes  possible  the  effective  clo¬ 
sure  of  the  "outer"  path  deviation  loop  without  excessive  pilot  equali¬ 
zation  or  compensation.  Without  good  control  of  attitude  the  pilot 
would  have  to  be  way  ahead  of  any  path  changing  trends ,  requiring  very 
difficult  anticipation  and  high  workload.  (Examples  include  altitude 
control  using  only  airspeed  and  altimeter  or  control  during  approach 
using  only  airspeed  and  the  raw  XLS  glidepath  data.)  If  the  attitude 
loop  is  difficult  for  the  pilot  to  interact  with  and  close  (i.e.,  if  the 
augmented  aircraft  pitch  attitude  dynamics  are  deficient  in  that  they 
require  excessive  pilot  compensation  and  attentions!  workload),  attitude 
control  will  suffer  directly  and  path  control  indirectly. 

To  focus  more  on  the  aircraft  characteristics,  the  Figure  4  block 
diagram  is  expanded  somewhat  in  Figure  5.  Here  the  pilot's  activities 


EFFECTIVE  AIRCRAFT  DYNAMICS 
(Aicroft  *  Augmentation 
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Figure  5.  Closed-Loop  Precision  Path  Control  with  Attitude 

Control  Inner  Loop 
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are  shown  as  before*  with  the  addition  of  systolic  transfer  character¬ 
istics  Yp-n  and  Ypg.  These  characterise  quantitatively  the  pilot's 
input /output  relationships  between  path  deviation  error  he  and  attitude 
coaa&md  0C>  and  attitude  error  8g  and  pilot  control  output  5.  In  any 
detailed  quantitative  analysis  of  the  actual  closed-loop  pilot/vehicle 
system  these  transfer  characteristics  can  be  used  to  describe  and  quan¬ 
tify  the  pilot's  activity.  The  primary  difference  between  Fige.  4  and  5 
is  in  the  augmented  aircraft  dynamics  ,  which  are  broken  down  Into  two 
components  in  Fig.  5.  The  first  block,  the  augmented  aircraft  pitch 
dynamics,  relates  pitch  attitude,  0,  to  pilot  control,  6.  In  the 
absence  of  any  other  inputs  to  the  aircraft,  the  pitch  attitude  and  path 
deviation  are  dynamically  related  by  a  direct  input/output  entity  shown 
in  the  Path/Attituda  Response  block. 

The  aircraft  blocks  show  the  transfer  characteristics  In  fairly 
general  form  for  the  pitch  attitude  dynamics  and  for  the  path/attitude 
response  dynamics.  These  will  be  discussed  in  depth  below.  It  will 
evolve,  in  fact,  that  a  key  issue  in  the  differences  between  the  flying 
qualities  of  conventionally  augmented  aircraft  and  very  heavily  aug¬ 
mented  aircraft  resides  in  the  differences  in  the  transfer  characteris¬ 
tics  for  the  augmented  pitch  attitude  and  the  similarities  for  the  path/ 
attitude  response.  By  focusing  on  these  facets  we  can  expose  the  major 
differences  between  heavy  and  conventional  augmentation  without  an 
elaborate  argument  involving  the  pilot's  detailed  control  actions.  It 
is  extremely  important  to  recognize,  however,  that  the  closed-loop 
aspects  are  a  central  issue  In  that  the  pilot's  assessment  of  the  suit¬ 
ability  of  the  aircraft  inherently  depends  upon  his  actions  required  to 
accomplish  control.  (As  an  adaptive  controller  the  pilot  adjusts  his 
control  actions  as  needed  to  compensate  for  the  aircraft  dynamics;  so 
different  aircraft  dynamics  mean  different  pilot  actions  and  different 
pilot  assessments.)  Thus,  the  feedback  loop  structure  and  what  the 
pilot  actions  are  on  path  deviation  and  attitude  are  of  central  concern 
to  set  the  context  of  the  control  task*  Yet,  within  this  context,  we 
can  focus  primarily  on  the  augmented  aircraft  pitch  dynamics  and  the 
aircraft  path/attitude  response  to  explore  differences  between  conven¬ 
tional  and  heavy  augmentation. 


The  constant  speed,  so-called  short-period  dynamics  of  the  aircraft 
provide  m  adequate  structure  on  which  to  build  our  discussion  of  air- 
craft-alone  dynaiaies,  Including  conventional  augmentation  effects.  Two 
degrees  of  freedom  of  aircraft  motion  are  involved  —  vertical  velocity, 
v  (or  "inertial"  angle  of  attack,  a  -  w/0o),  and  pitch  attitude,  9.  The 
equations  relating  these  variables  with  the  control  5  are  derived  end 
discussed  in  detail  in  texts  on  aircraft  dynasties  (®.g.,  Reference  22), 
Typical  reaults  are  ausaarited  in  Figure  6a.  In  the  short-period  equa¬ 
tions  the  aerodynamic  characteristics  in  the  vertical  acceleration  equa¬ 
tion  include  the  accelerations  Z^w  and  .  These  characterise  heave 
damping,  Z^,  or  alternatively  lift  changes  due  to  changes  In  angle  of 
attack  (Z^=  U0ZW)  and  the  vertical  acceleration  (lift  per  writ  mass)  due 
to  control  deflection,  The  aerodynamic  terms  in  the  pitching 

acceleration  equation  are  the  pitch  damping,  1^,  and  weathercock  stabil¬ 
ity  effect,  My  (W^  **  U0My) ,  previously  referred  to  as  major  factors  in 
relaxed  stability  airpHne  dynamics,  s  is  the  Laplace  transform  vari¬ 
able  and  can  be  taken  to  be  the  equivalent  of  the  derivative  operator 
d/dt»  The  sw  4’  0os6  components  of  the  vertical  acceleration  equation 
are  an  inertial  and  centripetal  acceleration,  respectively.  Similarly, 
the  s^6  (equivalent  to  d^0/dt^)  represents  the  inertial  pitching 
acceleration.  M^sv  is  a  lelatively  small  aerodynamic  pitching  accelera¬ 
tion  component  proportional  to  the  rate  of  change  of  angle  of  attack. 
An  auxiliary  equation  relating  the  kinematics,  such  as  normal  accelera- 

tion  az,  and  flight  path  angle,  Y*  is  also  given  In  Figure  6s. 

* 

The  equations  can  be  converted  to  transfer  functions  by  solving  for 
8,  h,  y.  etc.,  as  a  function  of  the  control  input  6.  The  transfer  func¬ 
tion  relating  pitch  rate  to  control  deflection  ia  shown  in  Figure  6b, 
where  the  alternative  symbol  q  for  pitching  velocity  la  Introduced  for 
s8.  The  transfer  function  relating  altitude  to  control  deflection  is 
also  given  in  Figure  6b.  It  will  be  noted  Chet  the  second  (approximate) 
relationehip  listed  does  not  Include  the  higher-frequency  terms  (Chout 
involving  »  and  e)  in  the  numerator.  These  typically  arc  important  at 
frequencies  beyond  the  bandwidth  of  pilot  control  interest,  eltht  >h 
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Vertical  Acceleration: 


(a  -  -  \J0s 
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Kineaatic  Relationship:  az  ■  -  a^h  »  aw  -  C0b6  «  U0ey 


Fitch  Attitude: 


Altitude: 


^  s2  “  (Zw  +  +  Hq)*  +  (a***,  - 

H&(a  •»  l/^2) 

[s?  +  2£i»8P*  +  wap] 


~  Zd[«2  ~  +m)rn  -  (H,  ~^ZJ] 
s2[s2  -  (z*  +  HJ  +  H^e  +  (ZwM,  -  MJ] 

"  gpHgCl/^g) 

•2[®2  +  2(Cw)Bps  + 


Path/Attitude: 


h  .  uo 

8  b(t<j  2»  lj 


(c)  DYHAMIC  P  AMMETERS 


i/l’e2  -  “Zv^^Sw  A  “2tf 

"  “  (*w  +  Hd  +  Hq) 

_ J. _ 

Wjp  »  /z^q  — 


■  (%  ♦  c*) 


Figure  6.  Constant  Speed  Airplane-Alone  (Short  Period)  Kelatiotiahipa 
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eh*y  can  bo  of  marginal  importance  on,  for  instance,  eleven  controlled 
aircraft. 

The  last  relationship  of  Figure  6b  le  the  path/attitude  response. 
It  is  seen  froa  the  transfer  functions  that  their  denominators  ere  simi¬ 
lar,  When  attention  is  focused  on  pilot  control  inputs,  the  psth  devia¬ 
tion  h  can  bt  considered  to  be  derived  from  pitch  attitude  on  a  cause/ 
effect  basis.  Here  pitch  attitude  ie  an  input  operating  on  a  transfer 
function  which  is  juat  the  ratio  (h/6)/(6/6)»  The  result  is  given  in 
Figure  6b,  The  path  deviation  h  obtained  using  this  ratio  will  be  valid 
for  pitch  inputs  S ;  an  additional  tern  sust  be  added  if  any  disturbance 
is  present. 

The  tlse  courses  of  the  dynamic  response  of  the  output  variables 
pitch  attitude  and  path  for  a  control  Input  in  conatant-cpeed  flight 
depend  only  on  the  three  quantities  C8p,  and  wBp,  listed  In  Fig¬ 

ure  6c,  Speed,  UQ,  and  control  effectiveness,  Mj ,  operate  as  scale 

factors,  and  us  are  the  short-period  damping  ratio  and  undamped 

®P  Bp 

natural  frequency,  respectively.  The  short-period  frequency  is  governed 
primarily  by  the  weathercock  or  static  stability  term,  >^,  As  expected, 
the  pitch  damping,  M^,  is  prominent  in  tha  short-par iod  damping,  (C*)ap» 
This  la  easily  augmented  artificially  by  leading  back  a  signal  to  the 
elevator  which  is  proportional  to  q  in  tha  frequancy  region  about  wgp* 

The  time  constant  T@^  is  sometimes  rafarsred  to  as  the  pitch  attitude 
lead  time  constant  because  it  appears  in  tha  6  /$  transfer  function 
numerator  and  la  hence  a  "lead"  term.  It  is  also  often  referred  to  as 
the  path/attitude  "lag"  time  constant.  This  sterna  from  its  appearance 
In  the  denominator  of  h/6.  If  we  imagine  a  step  pitch  attitude  change, 

a 

than  tha  rate  of  change  of  path  deviation,  ht  or  of  flight  path  angle, 
Y,  will  respond  exponentially,  with  the  ti m  lag  tg2  (sea  Figure  7), 
Because  l/Tg^  •  which  fa  turn  ic  proportional  to  the  lift /curve 
elope  of  tha  airplane,  C^,  this  path-to-attitud#  time  lag  is  e  direct 
function  of  cue  fundamental  performance  characteristics  of  the  airplane, 
Oacs  tha  wleg  ie  daaiguad  (and  set),  the  flight  path  lag,  for  a 
given  flight  condition  cannot  be  changed  wiebaefe  appealing  to  direct- 
lift  control  of  some  sort,  As  a  flight  path  leg  Xg2  is  ea  ene&emely 
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Figure  7.  Path  Rate  Response  Co  Attleuds  Cheng* 

lnpur taut  factor  in  Ch*  attainable  path  precision  as  It  linlt*  the 
pilot's  control  bandwidth  even  If  tha  pitch  attitude  dynamic a  are  per¬ 
fect.  Thus,  a  large  Te2  will  inevitably  result  in  a  path  response  which 
is  sore  sluggish  than  that  for  a  configuration  wherein  T@ ,,  ie  a  good 
deal  smaller. 


v.  dsofit-mxod  xmmm  mmms  vm 

Std afSjG  fflfiBii.m 

For  a  conventional  subsonic  aircraft  the  c eater  of  gravity  is  ordin¬ 
arily  located  well  ahead  of  tha  oautral  point  (that  c.g.  location  for 
which  ■*  0  end  tha  aircraft  is  neutrally  afcabla  or  neutrally  stati¬ 
cally  balanced).  Tha  pitching  soaant  due  to  osgle  of  attach  is  Chen 
highly  negative,  eud  tha  undated  natural  fra^ua&sy,  stay  be  fairly 
large.  As  numerical  examples,  for  transports  iefasaoce  17  retiree  *>8p 
>  1  rad/sac  for  up-end-* way  flight  conditions  sod  <*#p  >  0.7  r*d/**c  for 
approach.  The  short-period  damply  ratio  is  typically  tbont  0.5  or 
somewhat  higher  when  a  pitch  damper  la  installed.  For  tlac*  coa&tioae 
a  root  plot  which  shows  the  location  os  tha  point  and  satmn  of  tin  q/5 
traaatar  function  might  appear  as  in  figure  3s*  the  pitch  nttituda  sat© 
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at  -1  /Tq  ^  1*  ebou*-  by  circle..  «&er«se  the  short-period  polea  ere 
gives  croaswe.  Since  the  ^lee  occur  &s  s  conjugate  couples  pair,  the 
upper  half  oS  the  a-'laoe  plot  -iutl  the  lover  half  are  the  ease*  (la 
aubaequcme  rvot  plots  oa.'y  the  upper  half  trill  be  &oua»)  The  Madyapefl 
natural  fre^ueecy,  wep{l  le  efeo  length  of  Che  vector  frow  the  crisis  of 
the  »“pl«ri  plot  to  the  losatioo  of  e  quadratic  pole.  Thle  vector  mtema 
m  eagle  with  the  real  aria  give©  by  coe*‘i  the  abort-period  roeee 

my  eloo  be  thought,  of  j*.  tatm  of  the  dawpiag,  C£«>#p*  md 
eat oral  frequaacv,  hJ*  -  £§P  »  vhSch  coaprieo  their  re&taegwXtr  coot'- 
dioatea* 

The  ttitcrsfi  tseoaieot  reason**  efcoraeteriatico  eitlcfe  cerr^epottl  to 
this  a-pLfexa  pUtt  eight  s$£**r  &a  item  £a .  figure  %•  <&  t&«  figure 

the  pitching  velocity,  q»  Car  e  atop  elevator  it  given  Sm  wicuali ged 
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for®,  sealed  by  the  steady-state  pitching  velocity,  q^.  The  tf*a  la 
non-dlaensionallsad  using  <ugpfc  no  tha  tin*  variable.  Sotice  that  the 
non-dlaenslonallzed  rise  ti®e,  «#pTr,  depends  only  on  the  product  of  the 
lead  tlae  constant,  Tg.,,  and  the  short-period  undamped  natural  fre¬ 
quency.  Interestingly  enough,  the  peak  overshoot  also  depends  only  on 
this  product  and  the  daaplng  rstio,  Cgp*  Figure  9  (taken  fro®  Refer¬ 
ence  23)  shows  this  overshoot  as  s  function  o£  the  Ig -Map  product,  with 

C  sa  s  parameter.  Because  of  the  (Tg.s  +  1)  lead  ia  q/qgs,  there  is 

an  overshoot  even  when  the  daaplng  ratio  is  critical  (Cgp  "  1)«  For 
Instance,  an  overshoot  of  2  occurs  for  5gp  "  1  when  ^/%2Wsp  ^  0.23» 
For  daaplng  ratios  less  than  1  the  overshoot  of  course  becooae  larger 
still,  approaching  nearly  5  for  thia  instance  as  t0p  approaches  zero. 
Tne  iaporta.it  physical  point  to  be  gained  fro®  Figure  9  ia  that,  for 
noainal  well-daapad  cases,  say  C3p  ^  0*5  or  so,  the  overshoot  depends 
primarily  on  the  separation  between  1/Tq2  eod  wgp.  l/Tgj,  being  depen¬ 
dent  on  th®  lift  curve  slope,  Cj^,  as  scaled  by  speed  and  density,  is  an 

aircraft  variable  set  aainly  by  wing  configuration,  whereas  w0p  can  be 

adjusted  by  shifting  tha  aircraft's  balance,  i.«.,  the  c.g.  location. 
The  wore  forward  the  c.g.,  the  greater  the  weathercock  stability,  and 
the  stiffer  tha  short  period  code;  henc®,  fee®  Figure  9,  the  greeter  the 
overshoot  (for  e  given  I/Tqj  and  Cap>-  Similarly,  the  rise  ties 
decreases  as  the  shovt-paried  uadaaspad  natural  frequency  is  increased. 
Rise  time  is  given  approximately  by: 


MCt  curve  slope  and  rise  tia*  thus  wary  together#  as  does  tha  peak 

overshoot  for  a  flaad  ur„. 

sp 

As  an  aside  befora  proceeding  fur  char  let  us  put  these  results  in 
contest  with  tha  closed-loop  precision  path  control  of  Figure  5*  th* 
aircraft  path/stiitui*  response  mi  tha  maJjatM  attainable  tightness  of 
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control  of  £h<s  outer  path  deviation  loop  are,  a*  already  remarked, 
Halted  by  the  path/attitude  lag,  Tq  Per  conventional  airplanes,  the 
augmented  aircraft  pitch  dynamics  lead  hae  the  extern  ties  constant,  , 
(In  other  words,  the  1/T  In  the  augmented  aircraft  pitch  dynamics  In 
Figure  5  is  I/Tq^O  Thus  the  attitude  lead  and  the  path  lag  are  the 
aaae  quantity,  fired  by  the  save  aircraft  configuration  feature  (the 
lift  curve  slope)*  The  undaoped  natural  fraquancy  and  daoping  ratio  of 
the  auguented  aircraft  pitch  dynamics  are.  In  this  case,  C  and 

“n  “  “ap*  Conaequently,  for  this  conventional  aircraft  the  pitch  and 
path  dynamics  are  predominantly  dependent  on  these  three  variables,  %  . 
£  3p ,  and  which  in  turn  depend  on  the  lift  curve  slope,  the  weather¬ 
cock  stability,  and  the  pitch  damping. 

The  variation  of  the  aircraft  short-period  characteristics  aa  static 
stability  is  reduced  can  easily  be  studied  using  a  root  locus  approach* 
The  idea  is  to  examine  root  plots,  such  as  Figure  6a,  as  H,  is  varied* 
Thia  ia  done  by  plotting  the  short-period  roots  for  a  number  of  given 
values  of  Hi ,  and  then  connecting  the  roots  to  fora  a  locus* 

The  short-period  characteristic  function  la  givan  approximately  byi 
a2  +  2(C«)#p#  ♦  ujp  •  a2  -  ♦  Hi  ♦  Hq)a  ♦  (z^Hq  *  *0 

i  (a  -  Zj(s  -  H,)  -  Hi 

Whets  the  static  stability  Is  cero,  i*e»,  the  c.g.  is  at  tha  neutral 
point  and  w  0,  tha  short-period  characteristic  function  reduces  to 
(*  *  2w)(s  -  Hq).  These  roots  ere  used  as  starting  points  for  tha 
locus*  The  offsets  of  ^  variation  on  tha  short  period  are  shown  as 
root  and  corresponding  step  function  control  Input  tit**  response  plots 
in  Figure  10. 

Figure  10a  illustrate®  the  root  variation  aa  la  permitted  to 
become  more  negative  (e.g*.  c.g*  increasingly  moved  further  forward  of 
the  neutral  point).  Tha  short-period  efcangoa  from  tha  two  roots  (Zy  and 
Hq)  at  B  to  e  readatvoua  point  at  (2*  +  Mq)/2t  and  them  break  away  to 
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Figure  10.  Effect  of  Ghettgea  in  \  on  Convent. ooel  Aircraft 
Short-Period  Hode  Cherecterietice 


for*  an  uoderdeasped  pair  represented  by  tht  point  et  A.  Tt»ia  corre¬ 
spond*  to  the  ooreel  root  plot  for  en  aircreft  with  large  atrtic  etebil- 
tty,  already  dtecueesd  in  connection  with  Figure  S.  the  Elies  response 
sketch  of  A  le  qualitatively  the  *ea*  as  that  of  Figure  8b,  although  thj 
riw  history  hare  is  not  so  res  Heed.  IU*  initial  slope  of  reepoas*  t* 
given  by  the  control  surface  effective****,  . 

For  rero  acetic  gorgis  (5^,  «  0),  however,  the  efcorK-pesriod  root* 
end  the  pitch  ret*  leepooee  to  step  input*  ere  vserfcedly  diff^i-oot  frosa 
highly  etebi*  coaditic**.  the  reepoese  is  etlii  *£**> i«,  s*d  the  inirt  =. 
acceleration  is  Still  gevsnuri  entirely  by  «%,  but  the  scape  is  that 


Tt-ure-i 


o£  a  first-order  exponential  akin  to  that  thowa  in  Figure  10c  for  the 
path  lag.  The  reason  here  is  t*.j£  the  pitch  attitude  lead  represented 
by  the  -I/Tq^  tero  niece t  exactly  cancels  the  pole  associated  with 
a  -  Zy.  Fro®  Figure  6b  the  transfer  ^^ictioo  of  q/6  f.at 

1  i  +  [-Zy  +  [Zg/HiJKj} 

6  (s  ~  -  -\) 


Mf 


The  time  constant  of  Chia  response,  ia  inversely  proportional  to 

the  pitch  ds&ping  terra. 

The  nea  ly  first-order  type  of  response,  eticrWi  as  B  in  Figure  10c, 
ie  typical  of  the  sircraf •■-alone  rasponaes  for  raoderetely  relaxed  atstlc 
stability  aircraft.  Hoc  only  is  the  overshoot  not  or  seat,  but  the  tits* 
constant  of  the  rsaoonse  sav  b*  quite  large,  especially  when  U 
reduced  ever  that  of  a  nonw»l  airplane  by  cutting  down  on  tail  *ieo. 
&ven  a  convent ionel  aircraft,  op-ar*t«d  the  e*g.  near  its  neutral 

pafnt,  will  appear  no  re  aluggiel.  to  the  pilot  than  t^s  sa*s  airplane 
operated  with  a  h i ^aly  stable  static  *argin>  Both  the  first -order  torn 
of  the  response,  which  exhibit  a  no  cw  reboot,  and  the  velos  of  -i/1^ 
which  ia  large  when  contra  seed  with  typical  apritely  ren^-nsa  tiisaa  f.ir 
the  A  typ-  response,  era  esaocisted  with  such  &&go?sumta .  T:. wircesfi 

control  sensitivity,  indict  tad  here  predominantly  by  ts« 
can  also  He  markedly  different  fro®  that  tor  the  nominal,  highly  sfai*'..* 
res pone 9 . 

As  the  static  oar  gin  Is  further  reduced  frees  sero  by  asking  *q  posi¬ 
tive,  the  root  locus  shifts  to  Figure  10b»  All  ths  roots  are  now  real. 
Steele  eargin  ia  proportional  to  Ka •  Parses  the  eansuver  *»cgin  ia  pro¬ 
portional  to  ^  •  SyHq  is  always  positive,  eo  tbo  nan  rover  point, 

or  e.g.  location  lasers  the  short-period  uati ttk-qaency  because*  reto. 
Is  sit  of  the  neutral  point,  the  case  for  «e*o  eeaenver  steejir,  is  tfiuvwa 
by  the  rook  locations  C  sad  the  tine  response  <J«  the  short-pertos  tooth 
in  this  iretee'e  are  givee  by  *(c  -  <3^  ♦  <*  0*  the  free  a  in  this 
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characteristic  function  results  in  a  rasp  steady-state  pitch  rate  for  a 
step  elevator ,  which  has  the  slope  per  unit  of  elevator  deflection  shown 
in  the  time  response,  Tt&e  initial  slope  is  still  H$t  as  it  la  for  all 
cases.  The  middle  portion  cf  the  response  for  zero  Maneuver  margin 
looks  very  similar  to  that  for  zero  static  margin,  in  ihst  it  appears 
nearly  oaponantiei  before  proceeding  toward  its  long-tern  rasp  asymp¬ 
tote. 

Finally,  the  aircraft  c.g.  may  be  in  aa  castable  position  «a  shown 
by  thi  root?  at  l  .  One  root  ie  in  the  right-half  plane,  Indicating  an 
unstable  divevgenc-3,  th*  ocher  one  la  soea^hst  larger  in  magnitude  than 
+  Kq>  The  initial  transient  a-gacciated  with  this*  root  ia  therefore 
quite  rapid,  and  the  longer-term  response  la  dominated  by  the  unstable 
divergence  departing  sore  and  sore  froa  the  rsrsp  defined  by  the  initial 
pitch  acceleration. 

In  order  to  achieve  the  aaacimtra  benefits  of  improved  energy  effi¬ 
ciency,  the  configuration  changes  listed  in  Figure  1  sre  appropriate. 
These  fi  the  it  totality  Lead  to  aircraft  dynamics  beat  represented  by 
ths  pitch  rate  i-sapnceea  by  B  through  D.  A#  noted,  these  dynamic  char¬ 
acteristics  say  be  siuggleh  and  iaaensitive  at  best,  unstable  and  con- 
stunt ly  demanding  attention  at  worst.  Pilot  wcsslord  will  be  high  in 
cloeed-loop  control,  chile  unattended  operation  aay  be  a  aienomer  in 
that  the  pilot  say  always  hrvs  to  be  attentive  end  alert  to  divergence 
tendencies.  Because  the  RSb  dynamics  ere  not  in  general  favorable,  Chay 
wil*  require  correct  lea  using  heavy  eugmentatioo. 

Q.  tom  SfCCtfSC  K2«lfiL£S  CF  mAXZD 

June  cmiurt  jaamn  vfjaaa 

Hot*,  of  the  discussion  to  this  point  has  emphasised  a  simplified 
approach  tc  fc-eu*  cm:  kay  points  and  isetses.  This  viewpoint  will  bt 

cootrioed  ia  aubeequewfc  articles,  slue*  many  of  these  key  point e  and 
issues  have  yet  co  be  developed »  At  this  jwsttare,  however,  it  £*  per¬ 
tinent  to  show  seme  coaorsee  results  from  a  *  pacific  fioepls  of  a 
relaxed  static  inability  aircraft.  For  a1?#  purpose  of  this  study  * 
wodel  of  a  hypothetical,  nigh  subsonic  jet  treasport  with  relaxed  static 
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stability  wes  generated  to  be  uaed  as  a  basis  for  the  exploration  of 
potential  flying  qualities  problems.  This  generic  RSS  transport  was 
based  in  part  on  two  designs  froa  NASA  Energy  Efficient  Transport 
studies  —  the  Lockheed  L.-1011RE  and  the  Boeing  IAAC.  The  generic 
transport  data  base  is  described  in  Appendix  A. 

In  the  description  of  short-period  dynazaica  we  hove  emphasized  the 
pitching  velocity  response.  The  angle  of  attack  and  flight  path  are 
also  major  response  variables.  Th©  generic  aircraft  short-period  char¬ 
acteristics  have  been  used  to  develop  aotae  illustrative  time  histories 
for  all  the  short-period  variables.  These  are  shown  in  Figure  11  for  a 
typical  cruise  condition  at  H  «  0.74  and  38,000  ft.  Three  static  mar¬ 
gins  are  considered:  a  stable  margin  where  the  c.g.  ia  7-1/2  percent  of 
the  mean  aerodynamic  chord,  5,  ahead  of  the  neutral  point;  sero  maneuver 
margin,  which  corresponds  to  -1.52%  c;  and  a  -5%  £  unstable  static 
margin.  The  input  is  a  horizontal  tail  (1  deg-aec)  unit  iaspulae.  For 
such  an  input  the  pitch  attitude  responses  in  Figure  11  appear  with  the 
same  response  shapes  as  those  described  previously  in  connection  with 
Figure  10  for  pitch  rate  in  response  to  s  step  elevator  input. 

For  Che  stable  aircraft,  the  pitch  attitude  response  has  an  over- 
shoot,  ea  expected,  due  to  the  numerator  lead,  T^.  Flight  path  angle 
1#  baoically  the  pitch  attitude  response  delayed  by  a  lag,  given  by 
l/^Ty^s  +  l) .  Because  thia  leg  cancels  the  attitude  lead,  the  Y 
response  builds  up  as  a  unit  nuaatator  second-order  response  approaching 
an  equilibrium  condition  wherein  8  »  y.  The  pitch  and  flight  oath  angle 
changes  fire  accnssplishod  aorodynaaically  by  an  sagle  of  attack  buildup 
and  eubaequent  return  towards  sero. 

The  sero  maneuver  margin  case  conveniently  divides  the  unstable  end 
statically  stable  situations.  Both  pitch  attitude  and  flight  path  angle 
approach  constant  rates  of  change*  The  angle  of  attach,  on  the  other 
hand,  exponentially  approaches  a  constant  value* 

Finally,  the  5  percent  negative  static  margin  response*  for  all 
three  variables  depart  exponentially.  Notice,  however,  that  *11  of  the 
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responses,  regardless  of  static  margin,  are  esseatially  indistinguish¬ 
able  for  the  first  second,  and  that  the  aegatlw®  margin  case  is  close  to 
the  zero  maneuver  margin  situation  for  another  second  or  so. 

Sosas  appreciation  of  longer-tias  «f facts,  where  the  phugoid  mode  is 
involved,  can  be  obtained  by  considering  the  three— degre®-Q£—fr®eda® 
aircraft  dynamics  as  indicated  in  Figure  ii«  The  tine  scale  here  is 
contracted  by  a  factor  of  10,  and  that  the  short-period  responses  of 
Figure  11  correspond  only  to  the  first  5  or  6  seconds  of  the  1-1/2 
minutes  shown.  The  excitation  for  the  Figure  11  responses  is  a  1/10  deg 
horizontal  tail  step.  Also,  the  neutrally  stable  situation  corresponds 
to  zero  static  margin,  as  is  appropr?  .te  for  tin: ee-degree-of-f reedom 
aircraft  dynamics,  rather  than  zero  maneuver  margin. 

The  phugoid  oscillation  i®  plainly  seen  in  the  pitch  attitude 
response  for  the  7.5  percent  statically  stable  situation.  This  oscilla¬ 
tion  cannot  be  seen  In  the  angie-of-attacb  response,  because  a  is 
scarcely  excited  in  the  phugoid.  On  the  other  hand,  the  new  trim  angle 
of  attack  is  seen  very  early,  after  just  &  few  ascends.  The  zero  static 
margin  case  shows  a  ramp  in  both  angle  of  attack  and  pitch  angle,  as 
would  be  expected.  This  is  the  fundamental  basis  for  setting  static 
margin  to  near  zero  for  reduction  of  trim  drag.  This  indicates  that  the 
aircraft  can  be  trimmed  with  very  little  steady-state  surface  deflec¬ 
tion.  Finally,  the  rapid  divergence  anticipated  with  the  5  percent 
negative  static  margin  occurs  just  as  it  did  for  the  short-period 
responses . 

The  generic  aircraft  data  can  also  be  used  to  illustrate  «  distinc¬ 
tion  between  the  aircraft  dynamic,  characteristics  based  on  short-period- 
alone  considerations  and  those  actually  present  when  the  full  three 
degrees  of  freedom  are  taker,  into  account*  Starting  Mth  a  stable 
static  margin  situation  and  reducing  the  stability  {i*e«,  2^  becoartng 
less  negative  to  the  sero  static  margin  point  and  then  becoming  sore 

*Neutral  stability  for  the  tteee-degrea-of-fraedtw  aircraft  dynamic® 
occurs  when  (ZJ^  -  HyZ-J  “  0.  When  Mu  is  itero,  neutral  stability  ia 
tantamount  to  ■  0. 
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Time  (see) 


Figure  12.  Generic  SSS  Transport  Three-Degree-of-Fresdoa 
Keepoaaes  for  Cruise  (M  *  0. 74,  h  »  38,000  ft); 

Input  *  ”1/10  deg  Step 

positive),  the  actual  locus  of  aircraft  roots  appears  as  shown  in  Fig¬ 
ure  13.  The  ebsirt-peried  roots  es  they  proceed  toward  the  sera  static 
oargia  condition  initially  appear  just  as  described  in  connection  with 
Figure  10.  The  phugoid  ma&s,  however,  ie  also  present  in  this  root 
Icwus  and  i*  also  affected  by  static  margin  shifts.  Khet  cccurs  there 
ie  an  increase  is  phugoid  damping  until  the  phugoid  uode  becomes  two 
real  roots.  One  of  these  is  actually  at  the  origin  when  the  static 
toe r gin  la  sera,  t&arees  the  other  ia  progressing  toward  one  of  the  now 
real  chert-period  roots.  As  the  sero  static  margin  condition,  ell  four 
of  eka  aircraft  roots  ere  reel.  As  the  stability  is  further  reduced, 
the  root  at  the  origin  proceeds  into  the  right  half  plena;  the  high- 
frequency  etort-peried  root  proceeds  further  into  the  left  half 
plena;  and  the  other  two  roots,  one  froes  the  short  period  cad  etsa 
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a)  Root  Loci  For  Stable  Static  Margin  Variation  (Ma<0) 
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b)  Root  Loci  For  Unstable  Static  Margin  Variation  (MtfO) 


Figure  13.  Effect  of  Static  Margin  Variationa  on  Three-Degree- 
of -Freedom  Conventional  Airplane  Modes 


fro*  the  phugeid,  approach  each  other,  rendezvous,  «nd  become  «  quad¬ 
ratic  pair.  As  the  static  stability  la  further  decreased,  this  pair 
approaches  the  clerical  tws-dagrea-of-freedom  phugold  mode  therein 
wp  4  ^®ZuAl0  *  / 2*/U0  *  le  this  classic  phugoid  (Reference  22)  the 
angle  of  attack  is  fixed  while  airspeed  and  pitch  attitude  oscillate, 
interchanging  potential  end  kinetic  energy,  damped  only  by  drag*  Thus, 
the  actual  divergence  in  the  three-degree-of-fre«doa  case  doea  not  stem 
fren  the  short  period,  hut  rather  from  the  phugoid*  The  laportent  point 
to  be  noted  la  that  stability  la  just  neutral  in  the  three-degree-of- 
freed  on  notions  when  the  static  as  r  gin  is  reduced  to  atro*  Uae  of  the 
short-period  approximation  indicates  neutral  stability  whan  the  maneuver 
margin  is  xaro.  (In  all  of  this  discussion,  the  pitching  ooosnt  change 
due  to  speed  change,  1^,,  is  aasuned  to  be  zero,  so  that  static  stability 
is  governed  entirely  by  1^.) 

Another  interesting  perspective  about  the  short-period  response  can 
be  gained  using  the  peek  q/qe8  versus  1/Tq  ^sp  coordinates  of  Figure  9 
aa  s  backdrop  for  variations  in  stability*  In  principle  it  night  seen 
that  alaoat  any  response  is  available  (l.e«,  any  point  within  the 
0  <  (  <  1  specs  of  Figure  9  could  bn  reached)  if  one  only  designs  and 
balances  the  aircraft  configuration  properly.  This  is  partly  trua  in 

that  any  deaired  short -parted  damping  ratio,  can  be  achieved  using  a 

pitch  damping  sugacantor.  But,  because  tha  path/attitude  lag  la  &  given 
for  a  particular  wing  configuration,  th*  adjust  sent  of  c.g.  (and  hence 
of  )  can  lead  only  to  a  tightly  constrained  sat  of  dynamic  response 
properties.  This  la  shown  in  Figure  14  for  the  Generic  RSS  aircraft  In 
cruise.  The  curve  shows  whet  is  attainable  in  terse  of  overshoot,  damp¬ 
ing  ratio,  etc.  For  instance,  it  indicates  that  very  large  static 
aargins  are  accompanied  by  large  overshoots  induced  by  both  tha 
and  1/Tq  j  -  spread.  This  is  to  be  expected  vhoo  total  short-period 
deeping  I®  coeetsnt  and  is  increaaad,  as  occurs  ebon  the  c.g.  is 
moved  forward  im*  Figure  12«).  Sm  static  stability  is  reduced  due  to 
decreasing  as  the  c.g.  is  moved  aft,  the  pitch  rate  overshoot 
decreases  sod  the  damping  ratio  inersaets.  Tha  curves  defining  the 
attainable  dynamic  properties  can  be  shifted,  mainly  up  and  doea,  by 
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augnaaeiag  but  the  general  trend  will  essentially  parallel  the  oca 
illustrated.  There  la  thus  only  a  narrow  band  about  the  curve  shown 
which  defines  the  poaalble  short-period  dynasties  for  this  airplane* 

s.  &  rmm>  smmsm  w  mmcz  iss 
xmtMm  epiuff  s^aonaKiis 

As  a  price  ef  the  parfotvsaca  benefits  which  relaxed  static  stabil¬ 
ity  aircraft  enjoy  they  suffer  free  reduced  abort-period  danpiog,  low 
undanped  natural  frequency t  and,  parhaps,  short-period  divergence*  A 
variety  of  full-euthorlty  augmentation  systems  can  be  constructed  to 
correct  these  defic lances  end,  at  the  aaae  tine,  significantly  inprove 
the  aircraft  flying  qualities  and  reduce  pilot  workload.  The  augnontor 
Must  apply  pitching  noaents  to  the  aircraft  which  create  or  enhance  par¬ 
ticular  stability  derivatives*  This  can  be  accomplished  by  feeding  beck 
a  variety  of  aircraft  action  quantities*  Sows  candidates  ere  noted  in 
Table  1*  The  west  ebviecs  stability  derivatives  to  eugeunt  are  those 
that  cause  the  trouble  in  tha  first  place,  i.e.,  and  1^,  to  laptove 
damping  end  stability,  respectively.  A  coeswsuly  used  surrogate  for 
pitching  velocity  la  pitch  attitude  rate,  0,  which  is  identical  to  the 
pitching  velocity,  q,  la  straight  and  lave!  flight*  The  difference 
between  q  and  9  is  east  easily  appreciated  in  connection  with  a  constant 
altitude  coord  lasted  turn*  la  such  a  turn  th*  eteedy-sfcate  pitch  atti¬ 
tude  rate  is  sere,  vhereae  the  eteady-atate  pitching  velocity,  Qq,  Is 
given  by  -  fc0  tan  *0  (where  is  th*  yawing  velocity  and  *0  i*  the 
bank  angle)*  The  short-period  deeping  could  else  be  augmented  by  a  rate 
of  change  of  eegle-of-etteck  feedback,  which  would  add  to  the  natural 
fry  of  the  airplane* 

To  Iadovs  the  static  stability,  can  be  augnentad  favorably  by 
using  the  control  to  develop  en  additional  pitching  nomsnt  proportional 
to  eagle  of  attack,  from  the  stability  sad  pilot  control  steudpointo 
either  aerody^naie  or  inertial  angle  of  attack  will  give  tbs  ease  result 
in  principle,  although  the  tea  peseta  to  ^eredyaseie  diaturbeacee  will 
depend  on  which  is  used*  Alternatives  include  the  creation  of  a  pitch¬ 
ing  mammt  dee  to  pitch  eagle,  ty,  or  its  near  equivalent,  hjq,  using 
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Angle  of  Attack 


the  integral  *i  the  pitching  velocity,  / q  dt.  When  one  recalls  that  the 
nanal  acceleration  la  as  •  $  -  UQq,  a  similar  attitude-like  corrective 
nomeet  can  he  developed  from  the  integral  of  the  normal  acceleration* 
Finally,  the  creation  of  a  pitching  moment  due  to  speed  changes  by 
creating  an  cea  also  eliminate  divergence  and  provide  static  stabil¬ 
ity. 

Although  all  thasa  aad  othar  poaaibllltiae  arc  theoretically  suit¬ 
able  for  inproving  the  nodel  draping  and  stability  character la tics  of 
the  short  period,  ell  suffer  soae  deficiency  or  other  as  the  baste  for  e 
control  system  design.  Problems  of  instrumentation  and  sensing,  includ¬ 
ing  biases  end  sensor  excitation  by  disturbances ,  control  system  compen¬ 
sation  needed  for  flight  condition  changes,  etc.,  must  enter  into  com¬ 
parative  consideration  of  practical  systems*  Tha  transition  from  one 
flight  phasa  to  another,  the  effective  dynamics  as  presented  to  the 
pilot,  and  the  response  of  the  augmented  aircraft  to  external  distur¬ 
bances  are  also  effected  by  the  particular  feedbacks  chosen  and  must  be 
considered  In  fundamental  camper leone  of  candidate  systems.  These  fea¬ 
tures  and  the  consequences  on  effective  aircraft  dynamics  of  tha  various 
feedback  control  posaibilltlaa  are  treated  in  detail  in  Beference  22. 
Same  additional  topics  of  particular  interest  to  B83  flying  qualities 
will  he  described  in  the  next  section  when  acme  of  the  aldo  effects  of 
heavy  augmentation  ara  treated* 

To  permit  the  development  of  some  flying  quality  lacunas  for  heavy 
augmentation  us  will  use  a  typical  example  of  an  augsaantor  suitable  for 
ESS  aircraft*  Tha  issues  drew  will,  of  course,  pertain  explicitly  only 
to  the  exaapla  system,  although  some  can  be  generalised  for  other  system 
possibilities* 

The  flight  control  system  selected  for  our  ex&apl©  is  shows  in  fig¬ 
ure  IS*  This  system  performs  five  functions,  as  follows! 

®  Creates  a  high  degree  of  effective  ate tic  stabil¬ 
ity  for  the  pulsated  aircraft* 

e  improves  tha  damping  of  the  effective  short- 
period  ©ode. 
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©  Provide®  e  pitch  rate  coeeaad /attitude  hold  plet- 
fcra  for  piloted  control* 

•  tabulates  against  asternal  disturbances,  with 
eapharis  on  pitch  attitude  aaintaasaee  rather 
than  saatharcockiag. 

9  Provides  automatic  up-elevator  ccapeassticu  for 
turning  flight* 

Am  a  flight-critical  system,  all  the  aye tea  elements  escape  peaeibly 
those  involved  in  turn  compensation  would  be  eultiply  redundant*  This 
ia  one  reason  for  bsciog  the  eye tea  on  pitch  rata  censors  which  are 
simple,  hardy,  relatively  tnaeaeitiv*  to  biae  errors,  and  easily  node 
part  of  a  ainisue  complexity  ■ultipie-rsduadsat  ayata**.  With  shaved 
sensors,  for  instance,  five  rat*  gytoe  can  provide  dual  fail-operata 
capability  for  retea  in  all  three  exes. 

the  basic  lov- frequency  control  lav  for  the  Figure  15  eugnatntor, 
which  drives  the  elevator  servo  with  a  signal  proportional  to  pitch  rata 
error,  and  the  integral  of  pitch  rate  arro?,  q^/s,  la  ciaply: 


5  -  ^e  + 

a  q* 

Propor¬ 

Inte¬ 

tional 

gral 

Tom 

Tens 

Note  that  tho  equation  ia  just  the  block  labeisid  “aqua lisat ion"  in  Fig¬ 
ure  15.  thua  actuator  sod  other  higher-frequency  dyu sales  ar*  asauasad 
to  be  negligible  for  the  current  discussion.  thie  equation  can  be 
expressed  fa  the  time  doaaia,  noting  tuxt  q^/a  *  Jq^  dt,  by 


a  +  ^  J  «• 


Contwqueacly,  the  eugaector  as  a  stabiliser  erases*  a  pitching  aeeeat 
proportioesl  to  /q  at  and  oce  proportional  to  q.  (the  pitch  trace  error 
i*  ^a  *  %  *  Si  because  the  pitch  rata  e«u**ad  <JC  -  0  yfctsu  the  augsaotor 
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id  acting  only  as  j  stabiliser,  -  ~q  In  unattended  regulation  tasks,) 
When  the  sire's*.  l -alone  dynamics  iiselude  s  divergence ,  the  aircraft/ 
cugaaentor  combination  :*f„ll  be  s  conditl'  '■ally  stab'*  ays  tea.  That  is,  a 
minimus  gain,  is  needed  fct  rid  the  system  of  say  divergence  due  to 
the  airoraft-slon'  static  instability.  At  the  other  extrema,  th->  maxi¬ 
mum  gain  possible  is  set  by  the  cloned- loop  system  stability  Halts.  If 
the  aircraft  is  considered  only  as  a  rigid  body,  these  limits  will 
depend  primarily  on  the  high-frequency  lags  do®  to  the  actuator,  rate 
sensor,  and  other  computational  or  filter  dynamics  within  the  closed- 
loop  system.  When  aircraft  flexible  mode  properties  are  also  Included, 
they  too  will  also  affect  the  closed-loop  system  stability  and  maximum 
gain.  Depending  upon  the  design  approach  taksn,  the  flexible  mode  char¬ 
acteristics  say  be  either  phase  or  gain  gtshilisad.  In  the  latter  case, 
filtering  to  atteruate  the  flexible  node  will  appear  ae  part  of  the  sta¬ 
biliser  loop.  Lags  from  both  the  flexible  modes  and  these  filters  wi.ll, 
in  turn,  affect  the  high-gain  stability  limit. 

Whan  the  saturation  characteristics  of  the  aircraft  control  surface 
(and  surface  ratsa)  are  t&kaa  into  see  sunt,  tne  aaxisuaa  gain  Bay  bo  fur¬ 
ther  restricted.  The  higher  the  open-loop  gain,  of  the  augatentor, 
the  astaller  the  pitchiug  velocity  error  he  cued  to  saturate  th<  eontvtl- 
If  the  aircraft  alone  has  even  some  alight  inherent  stability,  t;ite  fesy 
be  of  little  eoutsoquUne*.  Bowever ,  vhar  the  aircraft- alette  la  diver¬ 
gent,  a  saturated  control  will  not  corra-et  for  thia  divergence  except 
when  the  pitching  velocity  error  is  less  than  that  corresponding  to 
lioit  control  conditions.  The  pilot  cosseted  input  is  dslihe-atmly 
limited  to  avoid  satursti-ng  the  controls,  but  external  disturbances  »tm 
not.  In  feet,  the  possibility  of  control  ostureti  n  due  Co  shear*  and 
other  atmospheric  disturbances  is  one  res$oo  for  »h*  selection  of  the 
Figure  15  system.  Some  of  the  other  stabilisation  possibilities  listed 
in  Tsble  l  result  in  system*  which  sre  act  «*  toiersftc  to  external 
disturbances  snd  can  reuse  significantly  higher  prebsMiiti.es  of  limit¬ 
ing  elevator  positions. 

Although  this  particular  xxxxplavy  spttue  bag  waay  udrxatxg**  and 
has  been  used  on  «  number  of  aircraft  («•£.,  Cbm  Space  Shut  tie  Orblter 
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aed  eoms  modern  fighters),  it  hae  its  awn  peculiarities.  For  instance, 
tha  presence  of  tha  tosrtard  l^op  integrator,  while  needed  for  either  a 
pitch  rate  »*r  eareal  acceleration  syataa  to  accomplish  the  static.  sta¬ 
bility  fuoct&oo,  caa  be  troublesonca  in  sosa  flight  phases  involving 
traaaleat  changes  in  trim  conditions  (e.g.,  takeoff)  if  not  properly 
ace own tad  for  uaing  appropriate  eynchonirera  or  fllght-phase-tailored 
SAS  functional  *s4a a.  Ga  the  other  hand,  this  aystea  la  the  aiaplest 
o»e  available  which  accomplishes  the  funeeicass  listed  above.  It  also 
serves  aa  an  excellent  paradiga  and  point  of  departure  for  developing 
the  types  of  flying  qualities  issues  involved  in  heavily  augmented  RSS 
aircraft • 

Reference  24  uses  the  generic  aircraft  ESS  transport  characteristics 
as  the  basis  for  a  control  system  example  design.  Cruise  and  approach 
conditions  are  sxamined  for  two  versions  of  the  Figure  15  piteh  SAS 
(that  is,  with  and  without  the  integrator  in  the  equalisation).  When 
the  integrator  is  absent,  the  SAS  is  in  essence  a  large  authority,  high- 
gain  pitch  deader,  which  ha*  che  effect  of  reducing  but  not  completely 
eliminating  any  divergent  tendency.  This  version  also  amounts  to  a 
pitch  vats  cossnand/rate  hold,  rather  than  attitude  hold  per  although 
tt  has  quits  similar  regulation  proparties. 

The  ex««p2ery  SAS  of  principal  interest  here  does  contain  the  inte¬ 
grator  and  exhibits  *ii  of  the  features  listed  previously-  The  changes 
In  the  linear  dynamics  of  toe  aircraft  due  to  the  control  system  can  ho 
Illustrated  uaiu$  »  systea  wrv«y  of  t**  cleood-lcoa  system.  This 
survey  consists  o *  a  number  of  complement, try  root  locus  and  frequency 
response  plots*  A  typical  set  of  plots  for  the  cruise  condition  with  a 
->I  c  nargin  is  gi-ao  in  Figure  16.  (Othst  ®*t»  for  approach  and  for 
both  cruise  sad  approach  without  the  Integrator  are  given  in  Reference 
24-  The  key  points  cam,  however,  all  be  cado  vlch  the  oiagla  example  of 
Figure  16.  J 

The  ditcucsioft  below  of  Figure  16  will  efcow  Ast  a  properly  designed 
euypwaetor  r«a  result  in  pitch  ettfSAuss*  cfes^^trriat ico  which 

are  identical  in  fow  to  tl.ev,;  of  eiroeef-  The 

parsseatere  g^vsrftitvg  the  riwsonw,  however,  «’■*-  M 


chair  oi'iaia  a&d  aav  be  sigtilficaatly  different  la  kind  »  Because  of 
thisip  the  aircraft  pitch  commie  response  for 


aircraft  mil  teeing  m*  tlrtm  miality  consld^rationa  to  the  fore. 
Because  the  dSMSsstratioa  of  this  point  will  Involve  a  detailed  con¬ 
sideration  of  the  effects  of  closed-loop  feedback  control  cm  the 
dynamics  of  the  airplane*  the  explanations  and  sotae  of  the  concepts  may 
o€  unfamiliar  to  some.  They  ssy  wish  to  skip  to  the  sad  of  this  article 
where  an  expanded  reiteration  of  the  conclusions  already  stated  above  is 
giver,. 


Figure  16a  is  a  conventional  s-plsne  root  locus  which  shows  the 

closed-loop  roots  of  the  system  as  control  system  gain,  K^,  is  in¬ 
creased-  The  starting  points  are  the  poles  of  the  airplane  located  at 
-1/X8p2  (located  in  the  right  half  of  the  s-plane*  indicating  its  char¬ 
acter  as  a  divergence),  -1/Tflp^  (on  the  real  axis  in  the  left  half 
piano),  and  the  phugoid  (C  »  w  ]  (a  lightly  damped  complex  pair  near  the 

r  r 

origin).  The  control  system  also  has  a  pole  at  s  ~  0  due  to  the  inte¬ 
grator.  This  is  not  shown  on  the  plots  because  it  exactly  cancels  a 
free  s  in  the  numerator  of  the  airplane  pitch  rate  due  to  elevator 

deflection,  q/^jj,  transfer  function.  As  the  controller  gain*  K^,  is 
increased,  the  corrective  moments  applied  to  the  airplane  by  the  eleva¬ 
tor  modify  the  poles  of  the  closed-loop  system.  Some  of  these  at  very 

high  gain  approach  the  zeros  of  the  open-loop  system.  There  are  three 
open-loop  zeros  in  the  Figure  15  augmentor.  Two  are  airplane  character¬ 
istics,  located  at  -1/T@^,  in  the  left  half  plane  but  vjry  near  the 
origin,  and  at  -I/Tq^*  well  out  the  real  axis  in  the  left  half  plane. 
The  control  system  lead  time  constant,  T^,  is  shown  in  Figure  I6«  as  the 
zero  at  -l/T^.  As  gain  is  increased  the  various  airplane  modes  ar« 
modified  as  follows: 


l)  The  airplane  short-period  divergence,  l/TSp_,  is 
decreased  as  gain,  K  ,  is  increased;  becomes  sta¬ 
bilized  as  it  passes  through  the  jw-axle;  and 
finally  terminates  on  the  airplane  zero  at  -1/TOj 
as  gain  approaches  infinity* 


Z)  Ths  eaort-perioa  au&Bieeace ,  with  tie*  constant 
tap,c  proceed©  along  the  real  gais  to  $hs  right 
eoMKird  “l/?g  »  Part  ©£  ths  damping  given  up  "fey 
this  subsidies  4©  trssasferjred .  as  an  In;  rssse  ia 
dggpiag  to  ths  dlvesgenes* 

“$)  The  phagole,  which  for  the  airplane-alone  is 
stable  bat  lightly  iaspad  <£  -  OelSS),  is  ini¬ 

tially  driven  toward  instability  ae  the  augaaafcot 
gain  is  inersseed .  the  portion  of  the  elaaed- 
loop  phugeld  iocus  i-  ths  ri^hfc  b-tlf  pi  site  is 
shown  with  $♦$.  4ft®t  a  ssibstoatiisl  gain 
increase  (as  will  be  shsvn  belev).  the  closed- 
loop  phagoid  hooks  back  into  the  l® ft  half  plane 
and  becomes  stable.  This  stable  part  of  the 
locus  is  shown  as  +++,  end  progresses  along  & 
nearly  circular  arc.  This  arc  is  yearly  centered 
on  the  control  s:"*-*®  zero  at  -l/T^.  Also,  tha 
radius  of  the.  near  circular  segment  is  approxi¬ 
mately  |1/T  j.  As  gain  is  increased  further,  the 
undamped  natural  frequency,  daa&plng,  and  damping 
ratio  of  this  quadratic  mode  increase#  until 
ultimately  £p  *  1  when  the  arc  hit®  the  real 
axis.  'file  undamped  natural  frequency  of  this 
critically  damped  mode  is  just  slightly  less  than 
2/T  .  As  control  gain  is  further  increased,  the 
quadratic  pair  then  becoaas  overdamped,  with  one 
progressing  out  toward  the  left  on  the  real  axle 
while  the  other  proceeds  toward  the  right,  ulti¬ 
mately  ending  on  the  control  lead  eero  at  -I/Tq. 

From  &  controller  design  standpoint,  the  most  important  features  to  be 
appreciated  from  the  s-plane  root  locus  of  Figure  16a  are:  1)  the  cor¬ 
rection  of  the  divergence;  and  2)  the  Influence  of  the  controller  lead 
time  constant,  T^,  over  the  ahsp©  and  magnitude  of  the  locua  of  the 
tomplex  roots  (£p,  w']» 

The  perambulations  of  the  closed-loop  roots  as  controller  gain 
varies,  while  nicely  depicted  on  the  e-plane  root  locus,  can  also  be 
shown  with  controller  gain  and  associated  quantities  ao  an  ordinate, 
rather  than  as  a  parameter  along  the  plot.  This  is  accomplished  with 
the  so-called  Bode  root  locua.  It  uses  a  sesai-log.  presentation  for 


*The  prime  on  indicates  it  is  a  closed-loop  damping  ratio  of  a 
quadratic,  mode  which  started,  at  zero  gain,  from  the  phugoid  Cp,  wp. 
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conventional  «§*«-!  system  frequency  response  (Ja-goda  plot  of 
eaplitude  retio  end  phase)  and  Bode  root  locus  constructions  (roof  loci 
with  Sees  forest) ,  where!®  gain  is  sa  independent  variable  on  the 
plot.  Figase  i&  presents  these  several  diagrams*  To  begin  with,  the 
ordinate  is  sa  saplitude  ratio  plot  of  Che  open-loop  transfer  function 
®sss’8®3e4  is  decibels*  (F^r  &  gain,  R,  which  is  normally  expressed  in 
lines?  units,  tfee  value  la  £3  1*  20  logjg  S«  Thus 9  when  K  -  1  the  value 
in  d§  is  sere,  while  whan  R  »  10  or  0<10,  the  corresponding  dB  values 
are  +2G  dB  and  -20  dB* )  The  abscissa,  which  is  a  logarithmic  scale,  is 
a  generalised  frequency.  When  the  plot  is  a  conventional  Bode  frequency 
response  plot,  this  frequency  Is  o>  in  red /sec*  Complex  components  of 
the  root  locus  sho&  undaaped  natural  frequencies,  |s|  or  u>a,  in 
rad/aee.  Finally,  real  roots  whan  plotted  here  are  also  In  units  of 
1/sec*  Thus,  interpretation  of  the  abscissa  depends  on  the  particular 
curve,  and  is  either  u,  |sj,  or  o. 

The  conventional  jo»  Bode  diagram  consists  of  separate  amplitude 
ratio  and  phase  plots  for  the  total  open-loop  transfer  function  with 
s  ■  Ju.  The  amplitude  ratio  and  phase  angles  are  shown  in  Figure  16b* 
The  amplitude  ratio  of  the  frequency  response  border®  on  and  ia  approxi¬ 
mated  by  an  asymptotic  plot  made  up  of  straight  linen  with  slopes  which 
are  integer  values  of  ±20  dB  per  decade*  This  asymptotic  plot  has  its 
breakpoints  occurring  at  values  of  frequency  equal  to  magnitudes  of  the 
open-loop  poles  and  zeros*  Thus,  the  asymptotic  plot  has  a  slope  of 
zero  from  0  frequency  to  &  frequency  of  1  /Tq  ^ ,  whereupon  it  breaks  up 
with  a  +20  dB/decade  slope*  This  continues  until,  the  frequency  w  * 
where  the  phugoid,  being  a  second  wier  c  causes  a  break  from  +20  dB/ 
decade  to  -20  dB/dccade*  The  next  breakpoint  occurs  at  the  magnitude  of 
the  divergence,  |l/Tep2l  when  the  net  slope  of  the  asymptotic  amplitude 
ratio  plot  bacoaea  -40  dB /decade*  At  the  airplane  abort-period  lead, 

1/T$  ,  the  slops  changes  again  to  -20  db/decade  and  continues  until  the 

£ 

short-period  subsidence  at  l/T^pi  is  encountered*  After  this  the  ampli¬ 
tude  ratio  slope  goes  back  to  -40  dB/decade  until  the  controller  lead 
breakpoint  at  1/T^,  whereupon  the  asymptotic  plot  slope  shifts  and  pro¬ 
gresses  on  at  -20  dB/decadc*  The  regular  p  frequency  response  is  quite 
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close  to  this  asymptotic  plot  except  at  the  breakpoints  fcheaaelvee.  It 
departs  fro*  first-order  breakpoints  by  3  dB,  while  the  departure  froa 
second-order  breakpoints  is  equal  to  (Ti  /25  thus  the  waller  the 

damping  ratio,  the  sore  extrees  the  departure  of  the  actual  je-Bode  fr«ts 
the  asymptotic  Bode  plot*  This  gives  rise  to  the  resonant  peak#  asso¬ 
ciated  with  highly  oscillatory  modes  as  seen  in  frequency  responses*  In 
Figure  16b  the  phugold  is  a  prominent  example* 

If  now  the  root  locus  shown  on  the  s-plane  of  Figure  16*  is  pre¬ 
sented  in  these  logarithmic  coordinates,  the  variation  of  roots  with 
open  loop  system  or  controller  gains  is  illustrated  directly*  The 
several  branches  shown  on  the  Bode  root  loci  of  Figure  16b  have  symbol* 
which  correspond  with  those  on  the  e-plane  root  locus*  These  branches 
can  be  described  as  follows: 

1)  The  locus  froa  the  short-period  subsidence,  1/T8pj»  goes 
directly  toward  the  numerator  lead  at  l/Tg^*  very  low 
gains  the  change  due  to  closing  the  loop  is  vary  small, 
and  similarly,  at  high  gains  1/Tspi  »  l/T&  j*  Ohly  in 
Intermediate  region  does  the  root  migrate  toward  the  sero 
fairly  rapidly  with  gain* 

2)  Th*  complex  root  starting  at  the  phugoid,  with 
natural  frequency  <up  when  the  open-loop  gain  is  vary 
small,  proceeds  along  the  locus  shown  by  and  OOOsyt#*'- 
bols.  Much  of  this  progress  occurs  with  a  nearly  constant 
8 lope  of  approximately  -40  dB/decade*  The  closed— loop 
oscillatory  mode  becomes  unstable  at  quite  low  gains* 

(See  the  controller  linear  gain  scale  at  the  right  of  the 
plot).  For  controller  gains  0.004  <  Kq  4  0*06  deg/dag/sec 
the  closed-loop  phugold  is  unstable*  This  is  the  portion 
of  the  locus  depicted  with  44$.  For  gains  greater 
than  this  the  phugold  Is  stable  and  the  circular  arc  of 
Figure  16a  corresponds  to  the  nearly  constant  slope  of 
40  dB/decads  on  the  Bods  root  locus  in  Figure  16b*  Th* 
real  axis  is  encountered  by  this  locus  for  a  gain  of 
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appresimm&ely  «  3.08,  after  welch  the  complex  roots 
divide  into  tw  real  roots.  One,  as  is  shown  on  both  the 
PigL  ’s  16a  and  b  plots  ,  gases  into  the  1/T^  control  system 
load,  while  the  other  progresses  indefinitely  out  the 
hlgh-frafneacy  csywptote. 

5)  The  divergence  is  shown  as  «  dashed  locus ,  starting  with 
1/Tgp2  at  very  low  gains  and  proceeding  leftward  across 
the  Bode  root  locus.  When  the  gain  is  ^  »  0.12  (19  dB 
less  than  the  reference  -  1.06  condition)  this  node  is 
neutrally  stable.  It,  for  higher  gains,  than  drives  fur¬ 
ther  into  the  left  half  plans,  shown  hare  as  a  heavy  solid 
line  progressing  toward  1/X^ 

In  a  good  control  system  design,  the  system  reflects  several  differ¬ 
ent  response  and  stability  considerations.  These  include: 

•  Responses  which  ere  similar  to  those  of  low-order,  well- 
damped,  rapidly  responding  systems.  (This  Implies  that 
the  low-frequency  open-loop  poles  arc,  in  their  cloned- 
loop  manifestations,  driven  nearly  into  open- loop  Keros, 
such  that  they  nearly  cancel.  Examples  on  Figure  16b  for 
the  -  1.06  reference  0  dB  line  are  the  close  proximity 
of  the  lead  at  1/Tg^vlth  the  closed-loop  pole,  shown 
as  1  ,  stemming  from  the  divergence,  and  a  similar  prox¬ 
imity  of  the  lead  at  l/^d  2  Co  ***•  P°l®  arising  from  the 
short-period  subsidence. 

•  Insensitivity  of  the  response  to  gain  changes.  This  la 

illustrated  by  the  nearly  vertical  slopes  of  the  loci 
driving  into  1/Tq ?  and  1/Tg  j  around  tha  reference  cross¬ 
over  region*  Because  the  slopes  are  so  steep  small 

changes  in  gain,  or  for  that  matter  small  changes  in  the 
open- loop  aerodynamics  which  change  1/Tq  ,  and  I/Tq^i  <*111 
not  materially  affect  the  near  cancellation  of  those 


closed-loop  leads  and  l*sga.  Thus  they  will  hardly  affect 
any  change*  in  the  raa’^<maa»  ‘ 

•  System  stability  with  large  stability  margins.  rln  tha 
present  sxaaple  of  thee  conditionally  stable  system,  a 
margin  of  19  dB  exists  on  tha  lov-gain  arid  relative  tc  the 
reference  E  ■>  1,06.  Thus*  nearly  s  factor  of  10  In  gain 
reduction  would  be  needed  to  gat  back  to  the  divergence* 
&t  the  high-frequency  end,  the  crossover  of  «fc  •  2  red/eec 
(which  incidentally  seta  tha  daaired  controller  gain  at 
Kq  “  1.06)  is  consistent  with  a  phase  margin*  6m»  of 
SO  dag  and  a  delay  margin*  tM,  of  0«44  sec*  Thus*  high- 
frequency  lags  or  parameter  uncertainties  currently 
ignored  in  the  design  would  have  to  contribute  50  deg  of 
phese  leg,  or  e  pure  tine  delay  of  0*44  sec,  before  the 
closed-loop  syntax  would  be  neutrally  stable  at  the  gain 
selected. 

e  Well  deeped  and  rapidly  responding  closed-loop  eyatea 
dominant  code (a)  ro  reslat  and  thereby  raduca  the  effects 
of  disturbances.  In  the  present  esangle  the  dominant  node 
is  the  oscillation  steaming  free  the  phugold  which*  for 
the  nominal  controlled  gain*  has  a  damping  ratio  of  0,59 
end  an  undamped  natural  fraquency  of  1.92  rad/aec*  This 
nods  Is  therefore  both  stiff  end  wall  damped. 

a  The  closed-loop  aystew  bandwidth  should  be  large  relative 
to  the  pilot  control  latencies  so  that  the  augmented  air¬ 
plane  ie  responsive  to  pilot  cotaaaed  and  requires  little 
pilot  anticipation  or  compensation  for  precision  control. 
In  the  preeent  case  the  crossover  frequency  of  2  rad/sec 
and  the  other  resulting  nodal  characteristics  provide  e 
very  eprltely  response  (sa  will  be  illustrated  further 
later) . 
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•  The  ceatrol  ayctee  gftif  should  ba  lew  enough  so  that  the 
cufMiCM  is  very  •old ok  saturated*  Saturation  any  be 
vletstti  u  reducing  the  gain  and  thus  projreaaiu^  from  tha 
memlnsl  •  dl  lima  eleeed-loop  coots  back  toward  thoas  of 
tha  epna-laeg  aircraft*  When  completely  saturated,  tha 
affoetlva  controller  gain  approaches  zero  and  the  affec¬ 
tive  aircraft  dynamics  ars  those  of  tha  airplane  alone* 
Unfortunately,  in  this  event  tha  pilot  also  has  no  control 
available  in  one  directions  alnca  tha  surfaces  are  satur¬ 
ated.  Theoe  hinds  of  considerations  are  easy  to  show  on 
the  plot  of  Figure  16b  as  commanded  pitching  velocities 
which  would  just  saturate  the  syetea  when  gains  are  set  at 
particular  levels*  Scales  showing  tha  maximum  pitching 
velocity  cosmandable  without  saturation,  q  sen,  la  given 
on  the  right  aide  of  the  Bode  root  locus  plot  next  to  that 
for  the  controller  gain,  K^,  In  linear  unite*  Another 
useful  scale  for  partial  saturation  and  other  low-gain 
operations  is  given  on  the  far  left  side*  This  shows  the 
time  to  double  amplitude  of  tha  divergent  root  at  the 
several  gain  levels  (in  essence  this  is  a  crooaplot  of  the 
locus  from  1/Tgf...  toward  the  l/Tg  ^  lead).  For  instance,  a 
divergence  with  6  sec  tlse  to  double  amplitude  corresponds 
to  e  gain  of  0.010  dag/dag/sec  *  This  la  an  enormous 
reduction  in  effective  loop  gein  (factor  of  388)  in  teres 
of  saturation  or  other  gsla  reduction  phenomena,  showing 
that  the  eye  tea  la  extremely  robust  at  the  nominal  value 
of  ^  -  1.06* 

the  description  above,  even  though  of  a  summary  overview  character, 
may  appear  tedious  and  complicated*  Tha  net  effect,  however,  of  e  well- 
tempered  design  is  remarkably  straightforward*  it  la  chat  the  closed - 
loop  pitching  velocity  raspeeso  to  a  step  pilot  input  will  hove  the 
approximate , forms  .  , 
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The  C  and  wQ  In  the  denominator  are  those  of  the  closed-loop  oscillatory 
soda  which  progressed  free  the  phugoid,  while  the  lead  ties  constant, 
Tq,  is  the  controller  lead*  The  approximation  takes  advantage  of  the 
face  that  tha  short-period  subsidence  and  divergence  are  both  eodlfied 
by  the  effects  of  feedback  control  and,  for  favored  gains,  do  not  even 
appear  in  tha  pitching  velocity  response  since  they  are  nearlv  cancelled 
by  the  airplane  leads  at  1/Tg  ^  and  l/Tg  Feedback  control  ha*  thus 
provided  ua  with  a  low-order  effective  system  as  far  as  pitch  attituda 
response  to  pilot  Inputs  la  concerntd*  It  la  in  fact  identical  ia  fora 
to  that  of  tha  ahort  period  of  tha  airplane  alone.  This  is  especially 
apparent  in  the  time  response  for  the  total  system  shown  In  Figure  17* 


Ttma(s«c) 


Figure  17.  Pitch  Rate  Response  to  Step  Fitch  Sate  Coamand 
for  tha  Augmented  Aircraft  in  Cruise  Plight 
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71*#  r*  th*  characteristic  initial  ramp-like,  nearly  constant  pitch 
accelcrrtioa  rles  with  eh*  overshoot  and  eubeaquent  return  looks  very 
sitsilar  to  tha  ewemplery  time  raaponsa  of  Figure  8  and  to  that  for  the 
gastric  aircraft  in  Figure  11  for  the  7*5  X  c  static  margin*  The 

clastd  loop  syittia  raaponsa  is  sore  rapid  la  rise  tine  and  achieves  a 
steady  state  ia  less  tine* 

There  ia  an  importaat  difference  between  the  tine  responses  of  Fig¬ 
ure  17  and  those  of  Figure  11  in  that  the  closed-loop  response  for  Fig¬ 
ure  17  ia  that  for  all  tin*  rather  than  just  the  first  few  seconds*  In 
other  words,  the  phugold,  which  was  illustrated  in  Figure  12  for  the 

conventional  aircraft,  ia  no  longer  present  as  a  long  period  oscilla¬ 
tion*  Instead,  in  the  exesplary  closed-loop  system,  it  has  been 

markedly  increased  in  frequancy  and  danping  and  is  now,  in  fact,  the 
single  oscillatory  aode  present*  (Calling  this  extremely  well  damped, 
high  natural  frequancy  mode  a  "closed-loop  phugold"  is  based  only  on  its 
origin*  For  all  intents  and  purposes  it  Is,  of  course,  a  short-period 
node,  and  henceforth  will  ba  treated  and  described  as  such.) 

The  net  conclusion  of  this  article  are  that:  provision  of  feedback 
control  on  a  statically  stable,  relatively  poorly  damped,  relaxed  static 
stability  aircraft  can  result  in  a  set  of  vehicle  dynamics  which  are 
substantially  identical  in  font  to  those  of  the  short-period  alone;  and 
more  importantly,  while  the  pitch  attitude  fora  say  be  the  same,  the 

parcaetera  are  entirely  different  In  kind. 

X.  CSHF&lXSag  OS  MICE  ATTITtJOS  WSSFOSSB 

m&mm  w®  oksssi^xmal 

i£8@  gjH>8B&ff«aiaggP  AJ££8& fff 

In  the  eatmplary  case  study  sueaarised  In  the  leet  section,  the 
pitch  attitude  raspouea  lead,  T  ,  cam  from  the  augmantor  lead  rather 
than  frote  the  airplane  Tg^*  la  fact,  the  airplane  pitch  attitude  lead, 
Tg  2»  Is  not  even  present  in  the  rcoponse,  since  It  was  essentially  can¬ 
celed  by  the  eloaad-loop  subsidence  originating  at  l/TBpj.  Also,  the 
undamped  natural  frequancy  sad  danping,  while  superficially  similar  to 
the  short  period,  depend  instead  primarily  upon  the  control  system  lead 
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tlaa  constant,  T  ,  which  oat  the  circular  arc  along  which  tha  c',  u' 
closed-loop  roots  proceeded,  and  tha  total  open  loop  gain*  which 

located  Cp,  at  a  given  spot  along  this  arc*  These  parameters,  in 
fact,  are  those  associated  pradoolnantly  vith  the  highest  frequency  and 
next  highest  frequency  aa yap to tea  of  the  Figure  16b  Bode  diagram*  Using 
just  fheoe  two  high  frequency  asymptotes  as  an  approximation  for  the 
total  system,  it  la  easy  to  show  that  the  approximate  values  of  n>a  and  ( 
are  given  by* 


.2  .  hS. 


and 

c  - 

*  Y 

Also,  the  approximate  normalised  rise  tiraa  is 


WyTj, 


1 

v« 


W 
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Here  the  quantity  is  the  crossover  Crequaaey  of  tha  0  dB  line 

with  the  high-frequency  aeymptota  <e««  Figure  16b).  The  subscript  "a” 
distinguishes  it  from  the  crossover  frequency  «c,  which  ia  baaed  on  tho 
value  where  the  open-loop  ja-lode  amplitude  ratio  crosses  the  0  t®  line. . 
These  crossover  frequencies  are  perhaps  tha  scat  important  aiagie  para- 
dsetevs  of  closed-loop  controls,  since  they  divide  the  world  of  inputs 
and  responses  into  two  different  categories.  At  frequencies  well  below 
the  crossover  frequency,  errors  dua  to  disturbances  are  suppressed  and 


cojitaand  inputs  are  followed.  At  higher  frequencies  the  feedback  control 
action  gets  progressively  weaker,  so  that  coeauud  following  aod  distur¬ 
bance  suppression  ie  reduced.  The  crossover  frequency  is  often  used  as 
a  surrogate  for  the  system  bandwidth,  which  has  tha  sans  physical  mean¬ 
ing  noted  above.  Interestingly  enough,  for  the  closed-loop  control 
system  the  rise  time  la  just  the  inverse  of  fc>ca  (i.e.  Tr  “  1/^C4). 

For  augmented  relaxed  static  stability  aircraft  which  have  the 
general  type  of  characteristic  wherein  the  airplane  pitch  attitude  lead 
Te no  longer  appears  in  the  effective  augmented  aircraft  dynamics,  we 
have  emphasised  that  the  pitch  attitude  characteristics  are  different  1* 
kind  but  not  in  form  from  Chose  of  a  conventional  aircraft.  This  par¬ 
ticular  type  of  limiting  esse  heavily  augmented  aircraft  va  shall  refer 
to  as  "auperaugsented".  The  super augmented  distinction  is  made  to  high¬ 
light  the  differences  —  that  superaugmeatad  aircraft  have  attitude 
characteristics  which  depend  primarily  on  the  crossover  frequency 
and  the  controller  lead  T  ,  and  that  these  ehsrecterietiee 
may  differ  in  kind  from  those  of  even  fairly  heavily  augmented  conven¬ 
tional.  craft.  In  this  sense,  superaugaeated  aircraft  ar^  an  idealisa¬ 
tion  which  may  not  b«  always  approached  by  heavily  augmented  aircraft. 
On  the  other  hand,  the  Space  Shuttle  is  ®n  idsal  eseuple  of  &  superaug- 
men  ted  aircraft,  for  lA’e-j  1*  completely  suppressed  la  its  pitch  atti¬ 
tude  response  and  is  replaced  by  a  control  syatea  lesd.  Supwraugasent*- 
tion  is  a  useful  concept  because  it  is  euffic lastly  idealised  Co 
simplify  the  drawing  of  issues  and  understanding,  while  not  eo  far 
removed  fress  reality  as  to  make  the  coasideratione  acadesie- 

With  this  prelude,  we  can  now  turn  to  a  comparison  of  the  key  pitch 
attitude  response  parameters  for  conventional  aircraft  for  auperaug- 
oented  aircraft.  This  ia  accomplished  to  Table  2. 

Table  2  cumarisea  the  attitude  lead  sod  quadratic  (effective  short 
period)  aede  characteristic e  for  a  eoeventioasl  aircraft  abort  poriod 
and  for  an  idealised  euperaugaeatad  aircraft* 

For  the  cooven tloaal  airplane,  covered  a.t  ebe  1&££,  ah«  cable 
reiterates  yet  again  that  the  attitude  lead  «od  uadaapftd 

) 
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natural  frequency,  imd  tesc*  the  rise  ties,  depend  primarily  on  sircraft 
configuration  ck«rscterlstic4i  a  ad  the  way  tfea  aircraft  is  balanced.  The 
dasplsg  ratio  also  ie  predeainantly  s  function  of  configuration 
although  a  pi&e^  damper  can  provide  a  good  deal  of  design  latitude. 

For  the  aircraft »  cha  discussion  of  the  iaat  article 

emphasised  tb®  relative  lack  o£  sensitivity  to  aircraft  configuration 
characteristic®  sad  the  relative  importance  of  the  controller  properties 
as  they  affect  the  closed-loop  aircraft /augaenter  system.  The  prinary 
design  factors  described  there  were  considerations  of  a  clossd-loop 
character,  including  the  eystea  stability,  response,  bandwidth,  stabil¬ 
ity  t&srgina,  etc.  The  aost  important  composite  factor  underlying  the 
cjynaml?-  of  the  superaugaenced  vehicle  is  the  croasovci-  frequency  (of  the 
asymptote),  “c^-  This  quantity,  given  by 


US 


*1*  l 1 


is  en  indicavion  of: 

The  total  system  gain  cesepriaiog  Wth  controller  (3^) 
and  aircraft  control  s£f*et-tvfc3*«»  (J%)  p*r«£et«?&. 

®  The  systj©  hJicdwidth,  which  indicates  the  freqe-amey 
range  of  good  comsusmsi  following  and  siisturbasco  awp- 
ps'fcs&ion.- 

*  The  ts^.idity  >>£  system  response,  £.e.,  rise  tiiso  T  ** 

- 

v  a 

*  The  arstc?*  dating  ratio,  in  that  is  a  key  factor 
(togs the?  with  the  cent  roll*;;  feed  tints*  constant,  T  > 

Wtting  the  damping  ratio,  q. 

't'hc  first  t  ft***  properties  o'  the  c  to  a  swot  frequency  listed  above  are 
qualitatively  applicable  to  ell  feedback  control  sy*t*«s  vhich  have  a 
io-e~'^*tc  closed-loop  character.  fiov  pass  here  ssaatya  that  st  frequeu- 
cian  up  co  the  baud  width  tbs  output  follow  the  input  quite  veil, 
whereas  at  higher  frequencies  the  output  vill  drop  off  in  i&plKode 
relative  to  the  input  —  thus  th*  low  frequencies  era  **pe«e«dM  through 
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the  system  while  frequencies  higher  than  the  bandwidth  are  attenuated  or 
"not  passed. ")  The  fourth  property  is  a  special  one  for  auperaugaented 
systems  which  share  the  specific  characteristics  of  the  example  case. 
It  te  one  reflection  of  the  idealized  superaugmented  situation  wherein 
only  two  parameters,  tne  attitude  lead  (T^)  and  crossover  frequency 
(s»r  ) ,  define  all  the  system  input/output  characteristics  except  the 
overall  response  scaling  between  output  and  input. 

Another  manifestation  of  the  *‘wo-parameter  character  of  the  ideal¬ 
ized  superaugmented  aircraft  can  be  seen  in  connection  with  the  «axi«UH 
pitch  rate  overshoot  versus  l/TQ<*n.  This  is  shown  in  Figure  16.  The 

possible  variation  in  damping  ratio,  overshoot,  and  normalized  rise  time 
is  encompassed  by  tne  straight  line  superimposed  on  the  now  familiar 
background  plot*  Notice  that  for  a  normalised  rise  time  of  1,  the  damp¬ 
ing  ratio  is  0.5  and  the  undamped  natural  frequency  is  1/T^.  At  the 
othwr  end  is  a  normalised  rise  time  of  0.5,  accompanied  by  a  C  ■  !  and 
an  “  2/Tq.  Any  eye  tea  between  these  two  extremes  has  excellent 

closed-loo,  control,  system  stability,  and  ©argina.  Again  the  para¬ 

meters  which  act  the  actual  location  on  the  attainable  line  are  the 

crossover  frequency,  «c  ,  and  the  control  system  lead  time  constant,  T  » 

A  H 

It  Is  instructive  to  compare  the  pitch  overshoot  variation  with 
static  trsrgin  of  Figure  14  for  conventional  aircraft  with  the  Figure  18 
low  of  overshoot  for  sviperaugmented  airplanes*  In  the  one  case  the  pec- 
alttcd  variable  le  the  way  the  aircraft  is  balanced,  i.e.,  the  static 
margin,  whereas  in  the  other  the  product  provide*  the  variation. 

The  first  thing  to  notice  is  that  the  trends  are  in  ecaavaat  different 
directions  relative  to  the  background  constant  damping  ratio  (O  coordi¬ 
nates.  For  the  conventional  aircraft,  increased  atatic  margin  has  a 
concomitant  Increase  in  the  undamped  natural  frequency  and  decrease  In 

the  normalised  rise  time.  This  aspect  is  similar  to  that  for  »n  and 
normalised  rise  tia*,  1/Tq«ft,  for  the  suparaugaestsd  aircraft.  Os  the 
other  hand,  the  damping  ratio  of  tha  short  period  decr«wt*eo  and  the 
overshoot  increases  for  convent ivset  aircraft,  vfesle  the  oppoaita 

trenq  Is-  for  th-  nui-STtsugseoted  airplaaa. 


TR-l  l  ?S-1 


60 


A  major  distinction  can  alao  be  made  between  the  superaugmented  and 
conventional  aircraft  with  reference  to  the  aerodynamic  characteristics 
which  underlie  their  responses.  For  the  conventional  aircraft,  even  in 
the  short  period,  the  stability  derivatives  Zy»  and  together  with 
their  variations  with  flight  condition,  are  major  governing  parameters. 
When  the  complete  three-degree-o£-freedom  airplane  characteristics  are 
also  taken  into  account,  several  more  derivatives  become  important 
(e.g.,  Zu,  Mu,  5^,  etc.).  On  the  other  hand,  to  the  extent  that  the 
augmentation  system  can  be  made  to  approach  the  superaugmented  charac¬ 
teristics,  the  aerodynamic  parameters  of  importance  reduee  to  the  sur¬ 
face  effectiveness,  Potential  variations  in  other  derivatives  must, 

of  course,  be  assessed  in  the  design  process  to  assure  that  no  possible 
variation  could  upset  this  applecart,  but  in  actual  system  operation  the 
primary  sensitivity  and  variations  of  interest  ere  those  of  •  In  some 
ways,  this  sparsity  of  airplams-ehgraeteristie-dependence  for  aircraft 
which  approach  the  superaugmented  state  offers  a  major  advantage.  Th® 
system  which  provides  superaugmentatien  will  itself  be  complex  in  that 
it  is  multiply  redundant,  yet  the  properties  of  any  single  channel  of 
the  multiple  redundant  system  are  extremely  simple,  straightforward,  and 
sensitive  to  only  a  very  few  parameters.  Thus,  the  concept  of  a 
"simplex"  multiple  redundant  augmentor  has  some  appeal  and  oears  further 
consideration. 

Finally,  the  ultimate  comparison  of  the  conventional  and  superaug- 
mented  vehicles  is  connected  with  the  closed-loop  precision  path  control 
flying  quality  aspects.  Referring  to  Figure  5,  we  can  now  indicate  why 
the  augmented  aircraft  pitch  dynamics  block  was  not  made  more  specific 
in  terms  of  the  subscripts  for  the  quantities  in  the  transfer  function 
incorporated  there.  The  attitude  lead  ia  now  no  longer  Tq  but  the 
control  system  lead  T^,  while  the  undamped  natural  frequency  and  damping 
ratio  are  unrelated  to  those  of  the  conventional  short,  period.  Thus, 
the  augmented  aircraft  pitch  attitude  dynamics  are  potentially  funda¬ 
mentally  different  than  those  of  a  conventionally  augmented  aircraft. 
Not  the  least  Important  of  these  differences  is  the  replacement  of  the 
l’o2  lead  by  T^,  for  now  the  attitude  lead  is  not  the  same  as  the  path/ 
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attitude  r»ag««g»  X$g  iX®  for  both  the  conventional  and  super- 

a^ssaseted  eittas&iaas) .  ®e  listing  supersugasn&ed  vehicles,  there  Is 
often  a  sssfee4^#*lal  ‘iif£«f«aec8  between  thee®  two  properties.  For 
instance,  os  §&#  Seattle  C^biter ,  in  a  typical  approach  flight  condition 
the  value  of  1/1$  ^  is  ab««£  ©»54  sec-*-  whereas  1/Tq  is  1.5  8ec“*  (Refer¬ 
ence  25).  Similarly,  foe-  lbs  generic  ESS  transport  in  cruise  l/Tg .  is 
11  * 
0.46  sac  w&lLa  iy%  is  I  ems."  .  This  difference  between  the  attitude/ 

path  lag  and  the  effective  lead  in  pitch  attitude,  as  well  as  the 
potential  differences  in  the  basic  high-frequency  response  mode,  may  be 
of  fundamental  importance  in  flying  qualities  and  flying  qualities 
research.  The  importance  oa  the  positive  aide  could  occur  because  the 
response  characteristics  la  pitch  attitude  of  the  Idealized  superaug- 
mented  aircraft  offer  many  potential  benefits.  The  listing  of  functions 
(associated  with  Figure  15)  provided  by  heavy  augmentation  is  an  example 
of  some  of  these.  There  are  also  negative  aspects,  some  associated  with 
flying  qualities  criteria  and  others  with  the  side  effects  introduced  by 
augaentor  system.  These  topics  will  be  described  in  the  next  section. 
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Much  of  the  last  section  was  devoted  to  a  development  of  tfe«  simi¬ 
larities  sad  differences  in  precision  path  control  for  different  cats- 
gories  of  effective  airplane  dynamics.  Figure  19  shows  a  simplified 
comparison  of  conventional  and  heavily  augmented  aircraft  dynamic®.  The 
latter  represents  the  closed-loop  dynamics  of  the  aircraft  pin®  awg- 
mentor  when  idealised  at  the  auperaugmented  extreme.  The  two  blocks  for 
each  case  constitute  the  effective  aircraft  dynamics  portion  of  the 
total  precision  path  control  system  of  Figure  5.  As  demonstrated  in  the 
last  section  and  remarked  many  times,  the  distinction  between  conven¬ 
tional  and  aupera-gaaented  closed  loop  aircraft /augmentation  system 
dynamics  is  present  in  the  pitch  attitude  characteristics  block. 
Although  the  forms  are  the  same,  the  parameters  are  different  in  both 
the  numerator  lead  and  the  denominator  quadratic  which  describes  the 
aircraft's  high  frequency  (short-time)  attitude  response  characteris¬ 
tics.  In  review,  the  key  distinctions  made  in  the  last  chapter  ares 

•  The  aircraft  pat’  /attitude  response,  h/0 ,  is  the  same  for 
both  conventional  and  superaugmented  aircraft; 

•  The  augmented  aircraft  pitch  attitude  short-term  charac¬ 
teristics  differ  in  that: 

1)  The  lead  T9,  for  the  conventional  aircraft  is  the 
s&se  as  the  path/attitude  lag  whereas  the  lead 
for  the  super  augmented  aircraft  Tq  may  be  quite 
different  from  Tgj. 

2)  The  undamped  natural  frequency  and  damping  of  the 
effective  short-period  mode  for  the  conventional 
aircraft  depends  primarily  on  aircraft  flight 
condition,  weathercock  stability,  and  pitch  damp¬ 
ing  (soma time a  augmented). 
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3)  The  undamped  natural  frequency  and  damping  for 
the  superaugmented  aircraft  depends  predominantly 
on  the  augmentation  system  (lead  and  gain)  and 
aircraft  control  effectiveness  (1^)  parameters* 

•  The  low  frequency  and  trim  characteristics  for  the  conven¬ 
tional  aircraft  are  not  reflected  by  the  short-period 
attitude  dynamics  approximation ,  whereas  the  super  aug¬ 
mented  aircraft  pitch  attitude  dynamics  are  appropriate 
for  low  frequency  and  trim. 

With  the«e  differences  now  established  as  at  least  idealizations, 
the  key  question  is  what  effect,  if  any,  do  they  have  on  flying  quali¬ 
ties  and  safety?  Unfortunately,  the  answer  to  this  question  is  not  yet 
In.  Specific  research  addressed  to  these  problems  is  needed  on  both  a 
generalized,  i.e.,  for  transports  as  a  class,  and  ad  hoc  basis  specific 
to  a  particular  transport  configuration.  What  we  shall  attempt  below  is 
a  resume  of  current  status  on  these  issues. 

At  the  outset  it  should  be  recognized  that  almost  all  of  the  cri¬ 
teria  and  the  very  great  preponderance  of  flying  qualify  research  data 
which  underlie  the  various  flying  quality  criteria  were  obtained  on  air¬ 
craft  in  the  conventional  category.  The  flying  quality  data  base  for 
heavily  augmented  and  superaugmented  aircraft  is  exceedingly  sparse.  In 
fact,  much  of  the  available  data  base  and  even  some  of  the  relevant  cri¬ 
teria  in  the  existing  or  proposed  Military  Specification  (References  17 
and  30)  cannot  be  used  directly  for  superaugmented  aircraft.  A  recently 
completed  study  in  which  all  available  criteria  were  considered  for  a 
particular  superaugmented  aircraft  —  the  Space  Shuttle  Orbiter  — 
showed  that  they  were  sometimes  inapplicable  or  gave  very  ambiguous  and 
confusing  results  (Reference  25). 

One  of  the  pioneering  attempts  to  specify  the  flying  qualities  of  a 
relaxed  static  stability  vehicle  derives  from  the  Space  Shuttle  Orbiter. 
Because  this  vehicle  under  piloted  control  is  always  an  "effective  vehi¬ 
cle"  which  Inherently  intermingles  airframe-alone  with  some  augmenta¬ 
tion,  this  specification  from  the  outset  considered  only  the  aircraft/ 
augmantor  closed-loop  system  characteristics.  The  Shuttle  flight  con¬ 
trol  system  is  flight  critical,  ao  no  attention  was  paid  to  aircraft- 
alone  dynamics  in  the  requirements.  The  opacifications  also  relate 
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directly  to  she  pitch  altitude  control,  with  no  specific  aantion  to  path 
control  f assures*  t&e  stafensaats  are  given  is  two  parts*  The  first 
part  Is  qualitative  and  at i*6*a  that  J>®  aye  tea  shall  provide  a  pitch 
rate  output  pfs$s$rtieual  Is  pilot  inputs*  This  is  accoaplished  using  an 
augaaatatloc  speits  t&ieh  is  equivalent  to  the  one  wa  have  been  using  in 
our  ssm^Iss  (S&gare  1$)*  Ifis®  second  part  is  sore  quantitative  In  char¬ 
acter  sad  prsviJaa  limits  «  tiw  esxlaua  and  ain.'aum  steady-state  pitch 
rates  that  caa  ha  coaoaadad  aai  a  tlae  domain  boundary  specification  for 
transient  responses*  Only  the  latter  xa  of  interest  to  us  here.  The 
original  subsonic  pitch  rate  response  boundaries,  from  Reference  26,  are 
shown  in  Figure  20.  These  boundaries  have  shifted  somewhat  during  the 
Shuttle's  development,  with  the  present  (Reference  27)  set  also  shown  in 
Figure  20. 


Figure  20*  Ksaeplary  Tlae  Doaaln  Response  Boundaries  for 

sa  ESS  Aircraft 
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Perhaps  the  most  constraining  characteristic  of  these  boundaries  is 
the  overshoot  limit  at  1.3.  Aa  can  be  seen  by  examining  Figure  18,  this 
maximum  pitch  rate  overshoot  for  an  idealised  superaugmented  aircraft 
requires  a  minimum  damping  ratio  greater  than  t  ■  0.7.  Further,  because 
of  the  constrained  connections  between  the  variables  for  our  idealized 
superaugmented  configurations,  the  maximum  normalized  rise  time  of  the 
pitching  velocity  response  would  be  less  than  0.7.  Also  from  Figure  18, 
using  the  upper  scale,  T(.  wn/2  would  have  to  be  greater  than  0.71  or  so. 
All  of  these  are  needed  to  live  within  the  max  q/qga  overshoot  boundary 
of  1.3.  For  a  typical  case,  if  we  assume  a  rise  time  of  1  second  to 
stay  well  within  the  lower  bound,  thee  the  crossover  frequency,  we  , 
will  be  1  rad/sec.  Than  using  the  above  cited  exemplary  numerical 
values  and  the  formulas  of  Table  2,  the  control  system  (and  effective 
aircraft  pitch  attitude)  lead  time  constant  Tq  will  be  approximately 
2  sec.  The  dynamics  of  the  quadratic  mode  will  then  be  Z  "0.7  and 
u>n  *0.7  rad  /sec. 

Transient  responses  for  approach  and  cruise  flight  conditions  of  the 
generic  RSS  transport  (Appendix  A  and  Reference  24)  used  in  this  study 
are  given  in  Figure  21.  Those  responses  are  generally  within  the  time 
response  boundaries  shown  in  Figure  20.  The  cruise  response  overshoot 
la  essentially  on  the  upper  boundary.  As  already  demonstrated  by  the 
simple  numerical  example  above,  this  overshoot  boundary  will  be  a  criti¬ 
cal  and  highly  constraining  factor  on  any  aircraft  which  has  effective 
dynamics  approaching  those  of  the  idealized  superaugmented  configura¬ 
tion. 

While  we  hold  no  thesia  for  the  pitch  rate  time  response  boundaries 
of  Figure  20,  they  do  appear  to  encompass  the  responses  for  our  generic 
RSS  aircraft  and  are  generally  compatible  with  the  Shuttle  itself,  which 
is  also  an  RSS  aircraft.  The  boundaries  can  thus  st  least  be  considered 
exemplary,  and  can  be  used  as  a  convenient  framework  from  which  to  con¬ 
sider  possible  distinctions  between  conventions!  and  heavily  augmented 
aircraft.  Wa  shall  use  them  in  this  strcvmaa  role  below  to  serve  as  a 
backdrop  for  data  comparisons. 
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The  beet  and  most  current  set  of  flight  data  for  conventional  air¬ 
craft  precision  path  control  is  probably  the  landing  and  approach  higher 
order  system  (LAHOS)  study  of  Reference  28.  These  experiments  used  the 
Calspan  variable  stability  NT-33  oircraft  la  an  approach  and  landing 
task.  The  evaluation  flights  were  continued  through  touchdown.  A  large 
number  of  configurations  were  evaluated,  usually  by  two  pilots,  with 
repeat  evaluations  being  made  randomly  for  many  of  the  configurations. 
We  have  selected  six  of  these  configurations,  summarized  in  Table  3,  as 
being  particularly  relevant  to  the  points  at  issue  here.  Three  of  the 
six  selected  LAHOS  configurations  exceeded  the  exemplary  time  domain  RSS 
aircraft  boundaries,  and  three  had  responses  within  those  boundaries. 
Both  sets  are  shown  in  Figure  22.  With  a  pilot  rating  of  3-1/2  as  a 
boundary  between  desirable  and  undesirable  workload,  corresponding 
approximately  to  the  MIL-Spec  Level  1  flying  quality  category,  Fig¬ 
ure  22a  indicates  that  conventional  configurations  with  good  flying 
qualities  may  not  meet  the  exemplary  RSS  boundaries.  In  fact,  the  over- 
ahoota  are  higher  than  would  be  allowed  by  the  exemplary  boundaries 
while  the  damping  ratios  are  often  considerably  less.  On  the  other 
hand,  the  three  configurations  which  have  responses  which  fall  within 
the  exemplary  boundaries  have  overall  pilot  ratings  between  6  and  7.  It 
will  be  recalled  that  pilot  retings  of  6.5  correspond  to  conditions 
where  adequate  performance  cannot  be  attained  with  a  tolerable  pilot 
workload.  These  configurations,  therefore,  demand  excessive  workload 
and  pilot  compensation  for  control  purposes.  They  are  all  poor  from  the 
flying  qualities  standpoint,  and  border  on  the  unsafe  by  virtue  of  the 
poor  cont  ol  and  high  workload.  Incidently,  the  flight  path/attitude 
lafc  for  both  good  and  bad  configurations  ie  i/Tg^  »  0.714  sec”"*.  Since 
this  feature  Is  the  asm  for  all,  the  rating  differences  are  probably 
associated  with  the  attitude  component  of  precision  path  control. 

Thur,  the  LAHOS  data  indicate  that  conventional  aircraft  which  do 
meet  the  exemplary  boundaries  can  have  poor  flytaa  qualities  whereas 
thoae  which  do  not  can  hove  good  flying  gaalitiee.  Indeed,  the  marked 
similar ity  between  some  of  those  responses  shown  in  Figure  22b  and  the 
responses  of  the  generic  RSS  heavily  augmented  eircraft  in  Figure  21 
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TABLE  3 


SUMMARY  OF  SELSCTSD  CONFIGURATIONS  FROM  REFERENCE  28 


OVERALL 

CONFIGU- 

NORMALIZED  PITCH  ATT I- 

COOPER -HARPER 

RATION 

TUDE  TO  STICK  FORCE 

PILOT  RATING 

AVERAGE 

NUMBER 

TRANSFER  FUNCTION 

PILOT  A 

PILOT  B 

(Ref.  28) 

CONFIGURATIONS  OUTSIDE  EXEMPLARY  BOUNDARIES 

2-1 

7.4H.714) 
a  {.57,  2.3] 

2 

2 

2 

3-C 

13. 6(. 714) (5.0) 
a(lO.) {.25,  2.2] 

2 

5 

3.5 

4-C 

11. 2(. 714) (5.0) 
3(100(1.06,  2.0] 

3 

3 

3 

CONFIGURATIONS  INSIDE  EXEMPLARY  BOUNDARIES 

r  ,0 

6. 19(.714) 
s  ( l .  08) (4.09) 

6 

— 

6 

4-3 

22. 4(. 714) 

5.7 

6 

6.5 

8(1.42) (2.82) (4.0) 

4-4 

H.2 {.’U)  _ 

7 

6 

' 

_ _ 

6.5 

s( 1.42) (2.0) (2. 82) 

Notation*  <  1  /T )  =  s  *►  1/T  ,  (C  ,w]  •  +  2c&ss 
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could  be  used  Co  support  a  contention  Shat  the  flying  qualities  of  the 
generic  RSS  aircraft  would  be  poor.  [Recognise  that  logically,  &@$sver» 
all  that  can  be  as  id  to  this  point  is  that  the  exemplary  boundaries  are 
not  suitable  to  define  good  flying  qualities  for  coitven  clonal  aircraft.] 

There  ia,  of  course,  another  interpretation.  This  ia  quite  simply 
that,  as  wo  have  emphasised  all  along,  aupersugseated  aircraft  are  dif¬ 
ferent  in  their  charac teristlca  and  are  not  appropriately  judged  by  data 
from  conventional  configurations.  With  this  interpretation,  the  exemp¬ 
lary  boundaries  or  something  similar  could  conceivably  still  encompass 
the  responses  of  heavily  or  superaugseoted  airetsft  which  have  good  fly¬ 
ing  qualities.  Unfortunately,  there  are  very  few  data  available  which 
apply  to  heavily  augmented  aircraft  as  considered  herein  and  eves  leas 
data  which  are  pertinent  to  the  idealised  supe.raugtaented  condition.  A 
very  recent  study,  however,  does  contain  one  data  point  which  does 
indeed  approach  Che  superaugaented  situation.  This  appears  in  Refer¬ 
ence  29,  which  examined  the  handling  qualities  of  large  airplanes  in  the 
approach  and  landing  phase  using  the  USAP-AFWAL/Calupan  Total  In-Flight 
Simulator.  The  study  simulated  a  1  million  pound  statically  unstable 
airplane  a«  the  RSS  baseline  vehicle.  Several  control  systems  used  to 
stabilize  the  aircraft  were  examined.  Among  these  was  '>ne  which  corres¬ 
ponded  to  the  augment  or  of  Figure  15.  One  of  the  essea  studied  had 
sufficiently  hign  control  ayetaa  gain  to  approach  the  superaugate-atation 
Idealisation-  This  response  is  shown  in  Figure  23.  The  overshoot, 
while  leas  than  Che  maximum  in  the  exemplary  boundary  ia  extended  aoae- 
what  further  and  the  rise  time  ia  also  fairly  large.  Nonetheless,  this 
pitch  rate  response  is  not  too  far  removed  fresa  the  exemplary  bounda¬ 
ries.  This  configuration  we#  evaluated  by  both  evaluation  pilots  used 
in  the  study  and  received  generally  good  rating*.  In  ita  second  evalua¬ 
tion  by  one  pilot,  in  fact,  it  was  given  a  Cooper~&arp«r  rating  of  1 
which  is  extremely  unusual  (the  e&m  pilot  initially  evaluated  it  as  4). 
The  pilot  commentary  indicates  initial  problems  in  trim,  basically  ia 
attempting  to  "Keep  Che  airspeed  sad  attitude  organised."  After 
familiarisation,  however,  the  same  pilot  noted  that  "Airspeed  control  is 
excellent.  Once  I  get  It  erinmed  up  it  virtually  holds  the  airspeed. 
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Figure  23*  A  Simulated  Superaugtssr.ted  Airplane  Response  for 
Approach  and  Landing  (Ref.  29);  »  0.53  see"*, 

1/Tq  *  l  8ec"i 

holds  attitude,  and  stays  trimmed  in  terns."  The  other  pilot  indicated 
that  "airspeed  control  was  good,  predictable."  His  suaaary  cosss^nt  was 
"No  raajor  problems,  an  excellent  airplane."  Troa  these  comments  it 
would  appear  th.'.t  in  precision  path  control,  a  auperaugssnte-d  configura¬ 
tion  «ay  indeed  exhibit  good  flying  qualities.  There  doe*  appear  to  be 
a  potential  familiarisation  problem,  although  this  is  rapidly  overcoat*. 
This  one  data  point  goes  a  long  way  toward  justifying  a  position  that 
heavily  augmented  RSS  aircraft,  especially  as  they  approach  the  super- 
augmented  condition,  cannot  sati afactoriiy  be  judged  by  criteria  or  com¬ 
pared  with  data  fresa  convent tonal  aircraft.  In  ocher  word*,  the  dis¬ 
tinctions  between  tha  conventional  and  heavily  to  super augmented 
aircraft  developed  in  the  last  section  constitute  major  flying  qualities 
la sue a  which  have  yet  to  be  reeolved.  In  Summary,  to  this  point: 

•  The  flying  qualities  of  super* cgwv.fi t ed  end  con¬ 
ventional  aircraft  arc  indeed  difist'eat. 
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©  Aircraft  usi^g  the  Example  augmentation  system 

can  possess  good  precision  path  control  flying 
characteristics. 

©  The  liaits  and  sensitivity  on  flying  qualities 

for  heavily  augmented  aircraft  are  not  yet 
defined* 

».  nwt  mcs  miiAiion  ira  sfss©  oaessisaamijas 


Among  the  moat  fundamental  provisions  of  the  FA&*  for  stability  and 
control  of  Part  25  aircraft  are  those  called  out  in  Sections  25.171 
(General)  and  25.173  (Static  Longitudinal  Stability).  These,  in 
essence,  require  that 

"The  airplane  Must  be  longitudinally... stable... M 

"A  pull  must  be  required  to  obtain  end  Maintain 
speeds  below  the  specified  trim  spaed,  md  a  push 
Bust  be  required  to  obtain  and  coin tain  speeds  above 
the  specified  trim  spaed." 

"The  airepeed  ssuat  return  to  within  10  percent  of  the 
original  trie  speed  for  the  climb*  approach,  and 
landing  conditions. . .and  to  within  7*5  percent  of  the 
original  trla  speed  for  the  cruising  condition ...when 
the  control  force  is  slowly  released  frees  any  speed 
within  the  range  specified..  .** 

"The  avsusge  gradient  of  the  stable  slope  of  the 
stick  force  v*.  spaed  curva  say  not  be  less  than  1  lb 
for  «**ich  6  kta". 

A  rigid  constructionist  reading  of  the  FAR#  would  be  that  no  aperiodic 
divergences  are  permitted  and  that  stick  force  per  vile  per  hour  must 
have  a  stable  gradient.  For  a  conventional  aircraft  (with  fully-powered 
surface  actuators  and  soeus  control  tyatsa  friction  sc  that  stick-free 
and  stick-fixed  characteristics  are  the  easts),  these  statements  are 
equivalent.  This  can  be  seen  by  considering  the  steady  state  angle  of 
attack,  eptsd ,  and  attitude  transfer  functions  for  m  elevator  Input* 
When  thg  effects  of  pitching  sacaenita  due  to  spued  change  associated  with 
the  stability  derivative  Wu  ere  ignored,  tbeoa  steady-state  transfer 
functions  ere  given  bys 
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The  tarn  In  brackets  assoc iatad  with  8 /6  Is  normally  poeitivs*  Thuee 
equations  can  ba  int&rprated  *8  follows.  For  a  conventional,  statically 
stable  aircraft  (C,^  <  0)  with  stable  phugoid  leede,  an  up  elevator  eoa- 
uasid  (negative  elevator)  will  ultimately  yield  a  positive  angle  of 
attack,  a,  a  poettive  pitch  angle,  6  <no*a  up),  and  a  neeotivc  sp®ed 
change,  u  (elov  down).  Because  the  aircraft  ie  statically  stable  there 
will  be  no  aperiodic  divergences,  when  the  sign  of  ^  Is  changed,  all 
these  trends  reverse.  Accompanying  these  changes  will  be  an  aperiodic 
Instability  introduced  by  the  negative  static  margin. 

The  above  relationships  can  be  put  into  another  useful  fora  by  con¬ 
sidering  ratios  of  spaed  to  angle  of  attack  and  attitude  to  angle  of 
attack  for  elevator  control  inputs  only.  These  are  given  by 


£■  -  ^  *  «.<!> 

As  can  be  seen,  these  ratios  are  aubatentially  independent  of  the  static 
margin  and  wnathorcock  stability  parameter,  They  are,  therefore, 
essentially  invariant  with  the  degree  of  relaxed  static  stability. 
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If  the  control  surface  deflection,  5,  in  the  above  expressions  is 
approximately  proportional  to  stick  force  then  the  expression  for  u/8 
can  be  taken  an  a  surrogate  for  the  Inverse  of  stick  force  per  unit 
speed  change.  It  will  be  recalled  that  the  inverse  of  the  path  angle 
lag  is  given  approximately  by  the  heave  damping,  *2^,  which  itself 
varies  directly  with  speed  Consequently,  the  speed  change  per  unit 
surface  deflection  will  vary  as  the  cub®  of  the  trio  speed.  Because  the 
stick  force  per  unit  speed  change  is  proportional  to  the  inverse  of 
o/8,  th<2  sti-k  force  gradient  with  speed  becomes  very  flat  at  high 
speeds.  This  can  stake  it  quite  difficult  to  aaet  the  numerical  value  of 
1  lb  for  each  6  kta  when  the  speed  gets  high  enough. 

The  simple  relationships  indicated  above  lend  some  insight  to  the 
original  construction  of  the  FARs  and  at  least  some  of  their  potential 
meaning.  The  requirement  for  a  positive  stick  force  gradient  with  speed 
chjnge  for  conventional  aircraft  fundamentally  assures  the  absence  of  an 
aperiodic  divergence;  and  also  permits  trimability  in  both  a  short  and 
long  term  framework.  There  is  probably  no  simpler  measurement  to  make 
in  flight  than  stick  force  as  a  function  of  trip  speed,  so  the  statement 
of  the  requirement  in  these  terms  permits  a  straightforward  test 
sequence  to  assure  compliance. 

When  transonic  effects  enter,  the  pitching  moment  per  unit  speed 
change  (proportional  to  My)  cannot  be  ignored.  The  condition  for  neu¬ 
tral  stability  is  then  no  longer  “0*  but,  instead  “ 

KyZy  “0.  If,  however,  the  stick  force  gradient  is  stable,  all  the 
other  trends  mentioned  above  still  apply. 

Let  ue  turn  now  to  a  relaxed  static  stability  aircraft  equipped  with 

a  heavy  augmentation  system  of  the  type  shown  in  Figure  15  or  its 

equivalent.  For  this  aircraf t/augmentor  combination,  the  closad-loop 

system  will  be  stable  and  will  exhibit  no  aperiodic  divergences .  The 

basic  system,  however,  la  one  which  is  rate~couBand/attltude  hold,  so 

that  the  pilot  command  6,  gives  rlee  to  a  pitch  rate  (even  in  the 

P 

steady  state)  rather  than  to  a  (steady  state)  pitch  attitude  as  In  the 
conventional  aircraft.  The  control  system  whan  not  activated  by  the 
pilot  thus  fundamentally  maintains  the  airplane  trim  in  attitude,  rather 
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than  in  angle  of  attack  (or  its  surrogate,  speed).  The  stick  force 

gradient  with  speed  is,  in  fact,  aero.  As  noted  In  connection  with  the 
pilot  consents  for  the  simulated  super&uguented  airplane  configuration 
of  Figure  23,  these  effective  vehicle  dynamics  were  favorably 

considered.  Remarkably,  no  comment  was  made  directly  connected  with  the 
neutral  gradient  of  the  stick  force  per  kt.  Indirectly,  however,  the 
initial  familiarization  required  to  "keep  the  airspeed  and  attitude 
organized"  was  noted. 

There  are  few  topics  in  aircraft  stability  and  control  and  flying 
qualities  that  can  generate  sore  heated  debate  (and,  conversely,  less 
enlightenment)  than  the  need  for  a  positive  as  opposed  to  neutral  stick 
force  gradient  with  speed.  As  should  be  apparent  from  our  introductory 
discussion  above  this  is  a  bootless  issue  on  conventional  aircraft  flown 
with  a  margin  of  static  stability.  Yet,  even  here,  the  gradient  inevit¬ 
ably  approaches  zero  as  speed  is  increased*  For  heavily  augmented  or 

superaugaented  aircraft  with  the  exemplary  system  of  Figure  15  or  an 

equivalent  augmentation,  the  issue  becomes  very  important,  for  speed 
stability  is  inherently  neutral  as  seen  froa  the  pilot's  control  point, 

-H 

There  are  many  simulations  and  flight  experiment  results  with  aug¬ 
mentation  systems  akin  to  that  of  Figure  15  wherein  the  neutral  speed 
stability  has  not  been  an  Important  issue  when  contrasted  with  the  very 
favorable  features  provided  by  the  rate  command/attitude  hold  augmenta¬ 
tion  (e.g.  References  31,  35).  The  need  for  positive  stick  force  sta¬ 
bility  with  pitch  rate  command  attitude  hold  systems  was  specifically 
addressed  in  the  flight  tests  of  References  35,  36.  The  conclusion  was 
that  there  were  no  clear  advantages  to  positive  over  neutral  speed  sta¬ 
bility,  at  least  when  the  aircraft  was  operated  at  the  bottom  or  front 
aide  of  the  thrust  required  versuc  speed  curve.  The  fundamental  atti¬ 
tude  stability,  at  opposed  to  veathtrcock  stability,  is  ordinarily  very 
favorable  in  terminal  operations  and  other  conditions  wherein  atmos¬ 
pheric  disturbances  can  seriously  affect  precision  path  control.  Also, 
the  rate  command/ attitude  hold  properties  of  such  systems  are  ordinarily 
viewed  with  favor.  On  the  other  hand,  the  pilot  technique  appears  to 
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require  acme  & itiei  famjllyyisetlon,  especially  la  leading.  The  ini¬ 
tial  tebsjency,  eijieh  ie  tgfidiy  corrected  by  one  or  two  practice 
landings ,  io  te  lenA  lsm$* 

There  it  fmeawta  ed  rate  command /attitude  hold  systems  which 

has  received  MW  pileg  g<at<Wt»  Consider,  for  instance,  that  at  the 
outset  of  flar**  the  aircraft  ia  in  trim  and  the  pilot  begins  to  pull 
back  to  reduce  the  oit$  £Cvt«  A*  the  aircraft  begins  to  enter  ground 
effect  the  pilot  in  a  conventional  aircraft  will  tend  to  pull  further. 
Thus,  in  landing  a  conventional  aircraft  without  any  trim  adjustment, 
the  pilot  is  holding  back  pressure  on  the  column.  If  now,  a  corrective 
change  is  required  in  pitch  attitude,  the  pilot  accomplishes  it  either 
by  further  back  pressure  or  a  slight  release  of  the  back  pressure.  For 
the  rate  coonand/ettltvide  hold  type  systam,  however,  no  back  pressure  Is 
held.  Consequently,  if  the  attitude  is  to  be  reduced,  the  pilot  must 
move  the  control  forward  from  its  neutral  position.  This  feature  of 
rate  command /attitude  held  systems  has  sometimes  been  remarked  as 
undesirable. 

From  the  above  comments,  it  can  be  appreciated  that  a  distinct 
tradeoff  exists  between  the  good  features  of  aircraft  which  approach 
superaugmentad  configurations  and  a  conventional  statically  stable  air¬ 
craft  as  far  as  the  trioabllity  features  are  concerned.  Some  have 
"solved"  this  type  of  probloc  by  using  a  lag  lead  for  the  augmentor 
equalisation  instead  of  the  Integrator  lead  combination  of  Figure  15 
(References  4,  10,  and  12)  st  the  cost  of  retaining  a  long  term  diver¬ 
gence.  Others  have  considered  the  augmentation  of  or  Sy  instead  of 
creaking  a  pitch  attitude  related  stability,  As  m  shall  see  later  in 
the  next  article,  these  see  introduce  unfavorable  effects  of  s  different 
kind  and  are  not  as  straight  forward  in  mechanisation,  especially  In 
multiple  redundant  flight  critical  situations.  The  point  of  all  of  this 
la  that  a  tradeoff  In  desirable  flight  stability  and  control  features 
does  appear  to  egiat  which  wee  not  contemplated  in  the  original  con¬ 
struction  of  the  FAht.  Gaiiting  research  dose  not  provide  an  unequivo¬ 
cal  answer,  but  instead,  indicates  a  tantalising  set  of  promises  includ¬ 
ing,  In  this  particular  instates,  a  potential  for  safety  enhancement 
(e.g.  in  wlndshcars). 
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C.  MSCHAgISATXOIAL  SIBK  8PFBCTS  (HI  FLY1SG  qBALKIIS 

»  SSJAVILY  ABQIEHTKS  AIRCRAFT 

In  our  consideration  of  relaxed  static  stability  aircraft  and  the 
effects  of  heavy  augmentation  thereon,  we  have  relied  heavily  on  the 
generic  RSS  transport  of  Appendix  A  and  the  exemplary  pitch  rate  command 
attitude  hold  command  augmentation  system  of  Figure  15*  The  question 
then  naturally  arises  as  to  how  representative  are  conclusions  drawn 
from  these  examples  to  other  cases.  Specifically,  will  an  augmentation 
system  using  a  different  system  architecture  result  in  significantly 
different  conclusions  and  is  the  generic  RSS  transport  aircraft,  itself, 
reasonably  representative? 

The  second  question  is  easily  answered  because  the  aircraft  charac¬ 
teristics  are  more  or  less  a  composite  of  a  typical  wide  body  high  sub¬ 
sonic.  jet  transport  baaed  on  an  elaborate  set  of  Btudies  from  the  NASA/ 
Langley  Energy  Efficient  Transport  study.  The  primary  issue  that  could 
ue  made  relative  to  the  aircraft-alone  characteristics  is  the  degree  to 
which  the  static  stability  is  relaxed.  In  our  example,  we  have  per¬ 
mitted  negative  static  margins  and  have  required  that  the  control  system 
cope  with  the  resulting  aperiodic  aircraft-alone  divergence.  This  was 
one  of  the  characteristics  which  led  to  the  assumption  of  an  essential 
and  hence  multiply  redundant  flight  control  system.  Heavy,  or  even 
supersugmentation  naturally  follows.  The  same  end  result  can  be  reached 
from  another  direction  there  advanced  technology  flight  control  using 
fly-by-wire  or  fly-by-light  concepts  is  the  starting  point.  A^ain, 
essential  configurations  accoc  •  >:  od  tqiog  multiple  redundant  control 
systems  a  natural  consequence  end  heavy  augmentation  is  s  reasonable 
follow-on.  On  the  other  hand v  them  are  advantages  to  be  gained  in 
energy  efficiency  and  performance  that  do  not  absolutely  require  opera¬ 
tion  of  the  aircraft  alone  in  an  unstable  condition  nor  a  multiple 
redundant  fly-by-wire  or  fly-by-light  flight  control.  Instead,  the  air¬ 
craft-alone  is  still  configured  as  statically  stable  and  a  restricted 
authority  augmentor  is  still  applicable  to  improve  the  flying  qualities. 
This  option,  which  is  consistent  with  a  conservative  approach  to  new 
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transport  design  is  still  sometimes  referred  to  as  relaxed  static  sta¬ 
bility  (e.g.,  References  11,  32).  These  only  slightly  relaxed  static 
stability  aircraft,  of  course,  fall  outside  our  scope*  As  noted  at  the 
outset  of  Section  II,  they  do  not  fall  into  the  category  of  heavily  aug¬ 
mented  aircraft  with  essential  augmentation.  They  are  mentioned  sgsin, 
here,  primarily  because  of  the  semantics  of  "relaxed  static  stability" 
concepts.  Our  concern  throughout  has  been  on  craft  where  this  relaxa¬ 
tion  is  sufficient  to  require  a  multiple  redundant  essential  augmenta¬ 
tion  system.  On  this  basis,  the  types  of  aircraft-alone  instabilities 
and  the  alrcraft-alonc  dynamics  represented  by  the  generic  RSS  transport 
aircraft  of  Appendix  A  are  representative  enough  to  permit  the  dravlng 
of  conclusions  on  a  general  basis. 

The  augmentation  system,  on  the  other  hand,  has  many  possible  alter¬ 
natives  to  accomplish  at  least  some  of  the  same  ends.  The  alternative 
architectures,  that  is,  feedback  possibilities  to  accomplish  desired 
heavy  augmentation  are  many  and  diverse  as  discussed  in  connection  with 
Table  1  of  Section  III.  It  was  Indicated  there  that  two  general  effects 
were  important.  The  first  was  to  Increase  static  stability  and  the 
second  was  to  improve  the  short  period  damping.  Those  quantities  useful 
for  increasing  the  static  stability  fall  into  two  fundamental  categor¬ 
ies.  The  first  involve  creation  of  an  effective  pitching  moment  propor¬ 
tional  to  an  attitude  quantity,  such  as  the  pitch  attitude,  6,  itsslf  or 
an  Integral  of  pitching  velocity,  / q  dt.  In  this  same  class  is  the 
integral  of  normal  acceleration  because  a %  is  a  linear  function  of  the 
pitching  velocity,  q.  With  these  systems,  the  effective  aircraft 
dynamics  include  a  new  or  craated  stability  derivative,  such  as  , 
which  is  not  pressnt  in  the  conventional  aircraft  dynamics*  The  air¬ 
craft  tends  to  be  attitude  stable  rather  chan  stable  relative  to  angle 
of  attack  or  spaed.  It,  therefore,  assumes  a  rigidity  in  pitch  attitude 
rather  than  s  stability  relative  to  the  air  mass.  Ihae*  types  of  sys¬ 
tems  therefore  provide  an  attitude  hold  feature  in  addition  to  stabilis¬ 
ing  the  divergence*  At  the  same  time,  the  spaed  stability  for  the 
primary  pilot  command  is  neutral  as  discussed  in  the  last  article. 
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In  counterdlatinction  to  the  attttude  type  of  system  are  those 
wherein  an  attempt  is  made  to  augment  naturally  occurring  stability 
derivatives  of  the  airplane  alone  for  correction  of  a  reduced  static 
margin.  This  implies  augmentation  of  ^  or  My.  In  either  of  these 
cases,  the  speed  stability  will  not  be  neutral.  The  nature  of  the  speed 
stability,  therefore  serves  as  a  fundamental  distinction  between  sys¬ 
tems.  This  is  reflected  in  Tables  4  and  5.  Those  systems  with  neutral 
speed  stability,  that  is  systems  based  on  attitude*  pitch  rate  or  normal 
acceleration,  are  assigned  to  Table  4,  whereas  those  with  non-neutral 
speed  stability,  based  on  angle  of  attack  or  speed,  are  listed  in 
Table  5. 

Ocher  Important  distinction  between  possible  systems  are  very  much 
architectural  dependent.  These  are  considered  side  effects  and  can  be 
more  or  less  corrected  by  increasing  the  degree  of  complexity  in  the 
system  design.  They  amount  to  those  incidental  features  of  a  particular 
system  mechanization  which  are  over  and  above  its  primary  purpose  of 
improving  static  stability  and  short  period  damping.  In  the  exemplary 
system,  the  primary  side  effect  was  the  need  to  provide  an  up  elevator 
compensation  in  turns  proportion  to  Rq  tan  $0  to  offset  the  steady  state 
pitching  velocity  that  occurs  in  turning.  In  Table  4  the  exemplary 
system  is  the  second  one  listed,  / q  dt,  q  ♦  $e.  Aa  noted  previously, 
pitching  velocity,  q  *  6e,  will  go  a  long  way  Coward  improving  the 
characteristics  but  will  not  completely  reduce  the  divergence. 

When  other  sensors,  such  as  normal  accelerometers,  pitch  gyros,  etc. 
are  used,  the  side  effects  may  became  more  involved.  They  derive,  in 
general,  from  three  sources. 

•  Biases  associated  with  the  particular  isiatruaan- 
Cation  used  in  the  syetam.  a.g.,  normal  accalaro- 
meters  pick  up  the  total  acceleration  whereas  the 
augmentation  system  ideally  haeds  only  accelera¬ 
tion  perturbed  froa  steady  state  conditions* 
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TABLE  4.  SYSTEM  ARCHITECTURAL  POSSIBILITIES  AND  flECHANIZATIONAL 
SIDE  EFFECTS  FOR  SUPERAUGMENTED  AIRCRAFT 
Systems  Based  on  Attitude,  Pitch  Rate,  or  Normal  Acceleration 


q  *  5e 

Reduces  divergences,  but  does  not  get  all  the  way  to  stability. 

Requires  some  up-elevator  relief  in  turns;  e.g»,  qe  ■  q  -  Rq  tan  $0 

Jq  dt,  q  ♦  6e 

Generally  suitable  for  complete  correction  of  instability. 

Requires  up-elevator  relief  in  turns;  e.g.,  qe  “  q  ~  Rq  tan  ®0 

/ az  dt,  Gwoq  +  <$e  (GWQ  -  Washout  equalization) 

Corrects  for  instability  when  operating  on  the  frontside  of  the 
speed/power  curves.  Can  have  backside  instability  and 
equivalent  backside  in  climbs. 

Ha 8  bias  (az  j*  1  g)  when  accelerometer  is  not  oriented  along 
stability  axis  for  level  flight;  further  bias  in  cliaba  and 
dives ;  yet  another  bias  with  a  roll  limit  cycle. 

Requirec  up-elevator  relief  in  turns;  e.g.,  a2  ■  az  -  cos  90  sec  $0 
plus  increment  for  q  feedback  in  turn  entr^/exit. 

Requires  more  airspeed  compensation  than  attitude-based  systems. 

1  /(  Tq  ^s  +  l)/Uq  dt,  G^q  ♦  <5e  [Pseudo  a2] 

Generally  suitable  for  complete  correction  of  instability  (replaces 
dy/dV-based  limitations  with  1/Tq^j  removes  accelerometer  bias 
issues) . 

Requires  up-elevator  relief  in  turns. 

Requires  more  airspeed  compensation  than  attitude-based  systems. 

0  ■  °’  *  6e 

Generally  suitable  for  complete  correction  of  instability. 

Gain  changes  in  turns,  with  associated  P^/g  lightening,  etc. 

Requires  elevator  signal  relief  (trim)  for  6  j*  0. 

3  ,  q  or  9,  Gwoq  ♦  6g 

Generally  suitable  for  complete  correction  of  instability. 

Gain  changes  in  climblng/dlving  turns. 

Clitab/dive  steady-state  signal  relief. 

Requires  up-elevator  relief  in  turn  entriea/exita,  depend log  on 
speclfica  of  G^. 


TABLE  5.  SYSTEM  ARCHITECTUBAL  POSSIBILITIES  AND  MECHANIZATIONAL 
SIDE  EFFECTS  FOR  SUFERAUGMENTED  AIRCRAFT 
Systems  Based  od  Angle  of  Attack  or  Speed 


aA,  q  or  aA,  G^q  ♦  Se  (aA  -  aerodynamic  a) 

Generally  suitable  for  correction  of  instability. 

Phugold  not  much  modified  if  Gwo  focuses  only  on  high  frequencies. 
Gust  sensitivity  associated  with  aA. 

ablas  position  and  scale  factor  errors  (a  sensor  installation). 
Requires  trim  set  point . 

Requires  up-elevator  relief  in  turn  antrles/exlta,  depending  on 
specifics  of  GyQ. 

aj,  q  or  aj,  G^q  ♦  <Se  (a^-  inertial  a) 

Generally  auitable  for  correction  of  instability. 

Phugold  not  much  modified  if  focuses  only  on  high  frequencies. 
Requires  trim  set  point. 

Requires  up-elevator  relief  in  turns,  depending  on  epeciflcs  of  Gvo 
Variants  of  a  Syatega 


and  other  means  of  computing  a . 


UI»  Gvo<i  * 


inertial  u) 


Generally  suitable  for  correction  of  the  instability. 

Hay  be  subject  to  exceauive  pitching  vith  a  u  input. 

Kuat  establish  a  set  point  or  trim,  U  -  UQ. 

Phugold  damping  ratio  is  reduced  if  foeuaea  only  on  high 
frequencies. 

Requires  up-elevator  relief  in  turns,  depend lug  on  specifics  of  *90 


UA>  gy-pq  *  6e 

As  in  item  above* 

Gust  Sensitivity  associated  vith  uA» 

Scale  and  bias  orrora  associated  with  u  sacmot  installation. 
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•  The  degree  of  airspeed  compensation  for  adjust¬ 
ment  of  the  augaentor  system  total  open  loop 
gain.  This  differs  with  the  nature  of  the  sensor 
(e.g.,  az  has  a  component  UQq  bo  normal  accelero¬ 
meter  based  systems  will  typically  require  a 
greater  range  of  airspeed  compensation  than  will 
6  or  q  based  systems)* 

•  The  potential  for  correction  of  the  aperiodic 
divergence  is  different  for  different  feedback 
quantities  (e.g.,  the  ar/de  airplane  transfer 
function  has  a  low  frequency  aero,  1/T»  ,*  which 
can,  itself,  be  negative.  When  this  is  the  case, 
the  divergence  due  to  the  negative  eta tic  margin 
cannot  be  stabilized  but  simply  approaches  the 
value  of  1/T^). 

Table  4  summarizes  these  side  effects  for  the  attitude  type  neutral  sta¬ 
bility  systems.  The  effects  on  flying  qualifies  depend  lnherem  ly  on 
the  degree  to  which  these  characteristics  are  corrected.  Clearly,  on  a 
multiple  redundant  system,  the  complexity  of  correction  is  a  major  issue 
since  any  single  channel  should  be  made  as  simple  and  trouble!  :ee  as 
possible.  The  issue  for  a  given  system  then  becomes  how  far  one  must  go 
to  correct  the  side  effect  created  by  the  architectures  selected.  These 
are  matters  which  have  not  been  investigate  on  a  comprehensive  basis 
tot  the  type  of  systems  described  in  Table  4.  At  present,  they  would 
have  to  be  considered  on  an  ad  hoc  basis  for  each  heavily  augmented  R3S 
trooaport  design.  The  table  in  thin  sense,  simply  presents  a  checklist 
for  particular  design  possibilities . 

Gn  the  more  general  question  of  the  broader  applicability  of  results 
based  on  the  exemplary  system,  such  as  those  associated  with  and 
Iq  it  can  be  stated  that  they  are  pertinent  to  tbs  eyateta  possibili¬ 
ties  of  Table  4.  The  reason  is  that  for  all  of  these  eyatesa,  the 
higher  frequency  properties  approach  those  of  Che  auperaugseentod  ideal. 
Consequently,  the  issues  drawn  previously  have  a  high  degree  of  general¬ 
ity  for  system*  covered  by  Tabla  4. 


a 


(l./3)(dYfdV)  when  expressed  'ia  degreas/Vnot. 
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Relaxed  static  stability  aircraft  which  are  heavily  augmented  with 
systems  based  on  angle  of  attack  or  speed  to  correct  any  static  diver¬ 
gences  have  effective  aircraft  dynamic  characteristics  which  are  essen¬ 
tially  conventional  in  form*  This  is  particularly  true  ae  far  e* 
piloted  control  is  concerned  because  the  derivatives  %  or  My  for  static 
stability  correction  are  simply  augmented  to  stabilizing  lsvels.  Rur 
aircraft  responses  to  disturbances  however ,  a  distinction  between  con¬ 
ventional  and  heavily  augmented  aircraft  aay  b«  pertinent  depending  upon 
Che  nature  of  the  aenoors  used  In  the  augmentation  eyatocu  The  distur¬ 
bance  sensitivities  will  specifically  depend  on  vheth&r  an  angle  of 
attack  system  is  based  upon  an  inertial  or  aerodynamic  angle  of  attack; 
similarly,  for  a  speed  system  on  whether  inertial  or  air  speed  is  used. 
The  primary  difference,  however,  between  these  types  of  systems  and 
those  based  upon  eotne  fora  of  attitude  is  In  the  nature  of  tha  stabilis¬ 
ing  characteristic .  The  angle  of  attack  system  tends  to  stabilize  the 
aircraft  relative  to  the  '.n9t<. ntaneoua  (in  the  case  of  aarodynaaic  a^) 
or  steady  state  (for  inertial  c»j  *  V/t)0)velocity  vector  orientation. 
This  is,  in  essence,  a  weathercock  atability  and  may  involve  significant 
pitching.  The  speed  based  systems  create  pitching  momenta  proportional 
to  changes  fro*  a  trim  or  set  apeed  UQ.  There  can  be  significant  sensi¬ 
tivity  to  shears  and  forward  gusts  with  this  type  of  system  aiace  the 
aircraft  must  pitch  to  accomplish  a  balance  of  fore  and  aft  forces. 

Neither  the  angle  of  attack  nor  incremental  r, ,■  cud  feedbacks  are 
especially  simple  to  instrument,  particularly  on  a  multiple  redundant 
baela.  Systems  of  this  type  are  aore  likely  to  involve  sophisticated 
•tote  reconstruction  titters  or  observers  and  computation  to  generate 
the  appropriate  feedback  signals.  Unlike  the  attitude  variety  feed¬ 
back*,  which  do  an  a-xcellent  job  m  stabilising  the  phugoid  c.haracteris- 
tica,  angle  of  attack  and  speed  are  by  theaa elves  not  particularly  valu¬ 
able  in  improving  the  phugoid  dynaalcd.  Indeed,  in  9  **ormal  airplane, 
the  phugoli  oscillation  Has  vary  *0*11  angla  of  attack  changes*  The 
stability  derivative,  taod*  to  effect  the  phugoid  frequency  rather 
than  ita  damping,  which  would  requira  the  creation  of  a  new  derivative, 
N^.  Thia  type  of  pimgoid  damping  improvement ,  uftfoctunstaly,  can  crcata 
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some  exciting  pitching  actions  when  the  aircraft  I9  disturbed  by  forward 
gusts  or  shears.  Consequently,  in  both  types  of  systems,  a  certain 
amount  of  pitching  velocity  or  its  equivalent  is  desirable  at  phugoid 
frequencies  to  improve  the  phugoid  damping*  These  are  indicated  hy  the 
Gwoq  teraa  in  Table  5,  which  signify  a  washed-oufc  pitching  velocity 
feedback  or  its  equivalent.  This  type  of  feedback  is,  of  course,  also 
very  effective  for  short  period  damping  augsentation.  When  it  Is  used 
for  this  purpose,  with  gains  that  are  suitable  for  relatively  heavy  aug¬ 
mented  aircraft,  then  the  effective  short  period  characteristics  are 
dominated  by  the  pitching  velocity  feedback.  They  can  then  be  very 
similar  to  those  of  the  attitude  based  systems  as  far  as  the  short  tern 
time  response  characteristic*  are  concerned. 

The  list  of  side  effects  for  the  angle  of  attack  or  speed  base  sys¬ 
tems  does  not  compare  favorably  with  those  for  the  attitude  systesas  00 
heavily  augmented  aircraft  using  a  or  U  as  basic  feedback  quantities  are 
probably  not  as  likely  as  the  rate-coaaand/attltude-hold  type  system. 
This  statement  applies  especially  when  the  augaeufor  is  at  the  essential 
level  rather  than  on  a  dual  or  single  thread  non-flight  critical  basis* 

Because  pitching  velocity  feedbacks  are  likely  to  be  present  with 
relatively  high  gains  in  the  Table  5  systems,  the  general  Issue  of  a 
distinction  between  an  effective  pitch  attitude  numerator  lead,  T0,  con¬ 
trasting  with  the  flight  path  lag,  % present  in  the  Idealised  super- 
augmented  configuration  is  potentially  present  with  these  systems  as 
well.  Thus  the  conclusions  previously  drawn  on  this  issue  and  those  of 
the  distinctions  between  «n  and  C  with  the  conventional  aircraft  short 
period  dynamics  will  apply.  Thus,  the  general  distinction  between 
heavily  augmented  and  conventional  aircraft  developed  using  the  specific 
example  of  the  Figure  15  exemplary  augmentation  system  and  the  generic 
RSS  transport  aircraft  will  apply  to  some  extent  for  all  heavily  aug¬ 
mented  systems  covered  by  Tables  4  and  3» 

In  the  actual  selection  of  an  augmentation  system  architecture*  the 
factors  summarized  In  Table*  4  and  5  are  among  the  major  issues*  Ho** 
ever,  in  the  design  selection,  the  moat  important  facets  ere  their  com¬ 
parative  simplicity  as  multiple-redundant  system  entities  end  their 
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inherent  reliability  sn<?.  maintainability  as  «u&.§i a  at  rings-  la  addition 
to  fcha  fable  4-5  factors ,  such  as  sense :  Msneo  and  a  reed  for  correc¬ 
tion  of  steady-state  errors,  additional  considerations  such  ae  relative 
seals  factors  as  installed,  pickup  of  uat?&&fdd  signals,  vulnerability  in 
nortssi  operations  and  asintsnsnee,  ease  of  checking,  etc*  ere  also  of 
aejor  iaportance «  When  all  of  theea  factors  are  considered,  in  addition 
to  those  suaasarised,  the  rate-eecaand /attitude-hold  category  represented 
in  the  fable  4  architectures  will  probably  prevail  in  aose  forte  or 
othsr * 

d.  w&ay  tms  umesocs)  bt  m  wmm*  vmfm 

A  cQ-ssaor.  feature  of  ail  heavily  augjeentcd  aircraft  la  the  introduc¬ 
tion  by  the  control  system  of  additional  logs  which  my  tend  to  delay 
the  actual  aircraft  response  buildup*  The  idealised  response  shown  In 
Figure  8  starts  with  **  instantaneous  pitching  acceleration  for  a  atop 
ct-'  u  surface  input*  In  actuality,  this  response  will  appear  sore  ae 
shown  in  Figure  24*  Because  of  the  lags,  after  a  tfcep  Input  is  Instan¬ 
taneously  applied  there  will  be  a  very  gradual  buildup  before  the  pitch¬ 
ing  acceleration  begins  to  raap  off*  This  initial  buildup  delay  is 
easily  Measured  by  a  delay  tlm  Tj.  Although  the  discussion  of  this 
delay  has  been  deferred  to  this  point,  it  i«  the  lest  itca  listed  in  the 
Table  2  comparison  of  pitch  attitude  response  parameters  for  conven¬ 
tional  and  superaugasnted  aircraft* 

In  all  the  responses  and  example  analyses  described  previously,  the 
explicit  assumption  was  that  actuation  sensing,  filtering,  and  other 
real  ays  ten  lags  were  ignored.  The  delay  time  accounts  for  these*  In 
the  conventional  aircraft,  will  be  due  primarily  to  the  surface  actu¬ 
ator  and  any  additional  lags  that  may  be  present  In  the  mutual  control 
aystasa*  It,  characteristically,  is  relatively  small*  Typical  actua¬ 
tor*,  for  example,  appear  like  first  order  syeteea  with  time  constants 
on  the  otdem  of  0*05  sec  or  so  for  small  amplitudes  of  Ecvement.  Thus, 
for  s  conventional  airplane  with  s  etete  of  tha  art,  fully  powered,  sur¬ 
face  actuating  system  and  manual  control  system,  the  affective  tiaaa 
ml&y  my  typically  ho  lass  than  i/10  me* 
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With  heavily  augmented  or  supersuguaritsd  aircraft  $  additional  000° 
alterations  eater*  As  £t  tura*  out*  all  tend  to  increase  tha  delay 
else*  The  baseline  is,  of  course t  th©  surface  actuator  shared  with  a 
conventional  counterpart .  Ths  relaxed  static  ot ability  aircraft  which 
relies  on  the  augaeatatisws  to  restore  favorable  stability  properties 
deaanda  a  controller-aircraft  syataa  minimus  bandwidth  which  ia  charac¬ 
ter  iatieelly  greater  than  that  present  with  a  clasping  only  sugestatar* 
Because  of  this,  the  augmentation  system  bandwidth  for  rigid  body  con¬ 
trol  comes  closer  to  intruding  on  ehe  higher  frequency  flexible  modes  of 
the  aircraft*  So  that  these  flexible  sodas  do  not  becoma  Important  In 
the  aircraft /augsentor  syatea  stability 5  filters  are  often  used  In  the 
control  systta  to  attenuate  system  signals  which  aay  arise  due  to  the 
lower  frequency  llghtly-dempad  flexible  «ede«*  This  can  be  done  using 
cither  low  /ace  or  notch  filtering*  Over  the  low  frequency  range  aeeo- 
v. rated  with  pilot  control,  either  type  of  filter  will  appear  as  an 
effective  lag* 

In  the  augacmtfttlon  syataa  filters  are  sometimes  required  for  cer¬ 
tain  sensrra,  such  as  cornel  accelerate  tera,  to  reduce  mwsnted  inputs 
fron  the  local  vibratory  environment*  Thesa  filters  also  a^-d  to  the  net 
lag.  Further,  in  •’ha  cootrollar  itself,  s  number  of  quite  email  time 
constant  or  pure  tine  delay  elements  nay  be  present*  For  instance,  If 
the  controller  la  digital,  e  pure  tins  delay  le  introduced  due  to  com- 
putlnq  operations  end  filtering  nay  be  inserted  for  enti-ellaulftg  at  the 
Input  and  saoothlug  digital  to  analog  conversion*  at  ths  output - 

Finally,  if  the  pilot  c'wtuand  Input  la  acco-spliahed  via  a  uideetick 
or  low-forc«-input  control  column  in  a  *ly-by-«lr#  (or  light)  controller 
Installation,  the  sanlpulrtor  will  transmit  oofch  the  desirable  coherent 
pilot  command  signals  and  undesirable  pilot-induced  noise*  The  letter 
aay  be  the  rsadon  fluctuations  in  pilot  eoutrol  precision  eoastoaly 
referred  to  as  retreat ,  or  nay  be  mere  excessive  in  vibrator  environ- 
eents-  In  either  event,  the  pilot  indues!  noise  is  ©tf’fcvsk’lly  quite 
wide  bsnd,  whsrsss  the  appropriate  control  signal*  much  narrower  in 
frequency  content*  tbt  manlptslcior  sigtsel  s'.eotdingiy  aay  wapi*®.  fil¬ 
tering  before  it  is  presented  to  ths  flight  controller* 
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Ail  of  chc**  types  of  filtering  rod  tins  delay®  are  called  out  la 
the  exemplary  Figure  IS  amgesatatlon  oyetsm*  Their  associated  logs  ere 
individually  quite  aosoll*  Bowever,  unless  greet  cars  is  taken  £a  the 
detailed  design  of  the  manipulator  sad  other  controller  characteristics, 
they  can  add  up  to  a  slsable  quantity*  In  fact,  for  the  Approach  and 
Land  Test  (ALT)  version  of  She  Space  Shuttle  Arbiter,  such  tine  delays 
approached  0. 25  see*  this  eafcesslve  delay  pushed  the  ALT  version  of  the 
Shuttle  pitch  rate  response  to  or  past  tha  lover  boundary  of  its  own 
specification  (Figure  20)  which  we  have  used  herein  as  exemplary 
boundaries  to  provide  a  etrawnan  frsas  of  reference*  As  demonstrated  in 
Reference  33  this  effective  daisy  in  the  ALT  orbltar  played  an  important 
role  In  the  pilot  Induced  oscillation  encountered  in  Free  Flight  5 
during  the  approach  and  landing  sequence*  This  and  stellar  instances  in 
advanced  fighters,  which  are  also  RSS  aircraft,  have  caused  a  great  deal 
of  emphasis  to  be  placed  on  tha  effects  of  such  delays* 

While  the  flying  qualities  problsaa  which  aay  arias  from  excessive 
effective  delay  tine  are  quite  well  understood,  tha  quantitative  picture 
Is  still  clouded*  The  existing  military  specification,  MIL-F-8785C 
(Reference  30)  puts  forth  requirements  for  allowable  time  delays  as  a 
function  of  flying  qualitiea  levels*  These  are  shown  in  Figure  S3*  It 
could  be  argued  that  Level  3  of  the  HXL-Spec  borders  on  tha  unsafe  and 
that  the  lowar  ranges  of  Level  2  require  excessive  pilot  workload  to 
accomplish  even  Indifferent  results  and  thus  are  marginally  safe  at 
bast*  The  origins  of  the  time  delay  requirements  of  Reference  30  are 
not  well  documented  and  thesa  bounds  ware  eat  up  shortly  after  the  basic 
problems  were  perceived  to  be  a  critical  iseus* 

On  the  other  hand,  Reference  34  shows  the  boundaries  from  data 
developed  for  approaches  and  landing  using  tha  RASA  DPRF  F8  DF8 »  air¬ 
plane*  The  high  stress  and  low  stress  bounds  depend  cat  task  precision* 
If  Cooper-Harper  rating*  of  8-1/2  are  taken  cs  m  upper  limit,  thm  tte 
high  stress  boundary  would  indicate  that  delay  times  seawafaat  less  than 
0*22  sec  might  be  permissible*  On  the  other  hand,  it  must  be  recognised 
that  delay  time  cannot  be  viewed  as  an  uncoupled  entity*  Instead*  it  is 
intrinsically  eoanacted  with  other  flying  quality  metrics,  dwelt  as  rise 
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Figure  25.  Comparison  of  MIL-F— 8785C  Time  Delay  Requirements 

with  Data  from  Ref.  34 
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tiae.  A  syates  with  a  short  rise  tiae  can  aurely  aceosaodate  aor«  delay 
than  a  systea  with  «  longer  riee  fcisM.  Both  tiae  delay  and  rise  tiae 
affect  the  attainable  bandwidth  of  piloted  control.  This  is  recognised 
as  one  of  the  alternate  specification  factore  in  Reference  17. 

Effective  else  delay,  like  coat  of  the  other  issues  raised  in  this 
study,  is  not  specifically  addressed  in  the  FA&s.  It  is  unquestionably 
an  important  factor  in  the  safety  of  operation  of  aircraft,  aspecially 
in  critical  conditions  which  can  be  obtained  during  approach  and  landing 
and  potentially  other  precision  path  control  clrcuastenceso  The  rite  of 
heavily  augaanted  aircraft  aakca  affective  tiae  delays  aore  iaportant 
because  of  the  tendency  already  cited  for  these  aircraft  to  have  values 
larger  than  on  conventional  airplanes.  It  is  especially  important  in 
connection  with  delay  tiae,  ea  in  aoat  of  the  other  flying  quality 
issues  brought  up  in  this  report,  that  preciaion  control  with  hiah 
stress  or  high  urgency  conditions  be  aaphaslasd  froa  the  standpoint  of 
operational  safety.  A  very  large  tiae  delay  could  be  eccoauodeted  if 
the  aircraft  is  lined  up  well  out  on  final  approach  and  no  urgent  cor¬ 
rection  is  required  or  extreaa  disturbance  is  present. 
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The  primary  thrust  In  this  study  has  been  to  delineate  and  distin¬ 
guish  between  the  characteristics  of  so-called  conventional  aircraft  and 
those  aircraft  of  the  futura  which  ©ay  ba  equipped  with  high-authority 
essential  stability  augmentation  systems «  The  key  distinction  sought 
had  been  those  which  might  affect  the  flying  qualities  in  precision  high 
workload  potentially  critical  conditions  where  flying  qualities  per  se 
have  their  major  impact  on  flight  safety*  To  this  end  m  have  focused 
on  those  critical  highest  workload  pilot/aircraft  closed-loop  operations 
which  Involve  precision  path  control  in  the  presence  of  unfavorable 
environmental  conditions  such  as  low  visibility  approaches  and  landings 
and  turbulence  and  shear.  The  pilot's  stress  is  thus  at  a  high  level, 
and  pilot  attention  end  gain  levels  will  exhibit  a  comparable  degree  of 
urgency.  Using  tasks  of  this  nature  and  an  exemplary  flight  control 
system  end  generic  RS3  transport  configuration,  the  following  points 
have  been  demonstrated. 

«  Aircraft  which  arc  augmented  at  tha  essential  level  must 
be  controllable  throughout  and  after  the  failure  transi¬ 
tion^).  The  aircraft-alone  and  transitional  dynasties 
required  in  this  connection  are  not  currently  vail 
defined.  An  oversimplified  and  not  too  wall  supported 
criterion  requiring  say  aircraft  divergence  to  have  tim®~ 
to-double  amplitudes  greater  then  6  esc  provides  a  atop 
gap  value.  Additional  research,  which  includes  crew 
functions  end  behavior  in  takeover  end  recovery  during 
the  failure  transitional  phase,  la  badly  needed. 

*  The  path/attitude  leg,  measured  by  the  aircraft  time  con¬ 
stant  T§  i  is  the  eases  for  both  heavily  augmented  end  con¬ 
ventional  aircraft  {only  elevator  control  la  present). 

•  The  pitch  attitude  characteristics  are  important  both  for 
their  own  sake  in  attitude  control  tasks  sod  cm  an  adjunct 
inner  loop  in  path  control  tasks* 


§4 


*  Th#  effective*  pitch  attitude  dyhawlei 'fer; 'i  cbnVanfcidnal  ’ 

and  for  heavily  or  In 

-  •  .  v  J  J  .  •*  i  qp-'>  ■  rm  t  .'•:  V  -. 

•  The  governing  parameters  It?  abort  tem  pltch  attitude 
■  response  lor  4  eoavastloasl  aircraft  ire  f undahenttiiliy 

dependent  on  the  airplane  lilt  curve  slops,  itetic  mdTgln, 
etc*,  whereas  the  governing  parameters  for  a  heavily  aug¬ 
mented  aircraft  dapead  on  control  cysts*  and  aircraft  air¬ 
fare  effectiveness  quantities*  Thus  while  the  short  tore 
pitch  transfer  function  character sties  have  the  sane  fora, 
the  quantities  wlthia  this  fore  can  ba  drsatieally  dlffar- 
ent.  both  In  kind  and  in  quantitative  degree* 

©  Existing  flying  quality  data  and  cr£terl4  biaod  on  coaven- 
tlonai  aircraft  way  not  ba  directly  applicable  to  auper- 
augaantad  aircraft  and  only  partially  applicable  at  beat 
to  heavily  augnanted  aircraft*  Thus,  flying  quality  con¬ 
siderations  based  on  suny  yeers  of  experience,  nueh  data 
and  attempts  to  develop  understanding,  cannot  necessarily 
be  used  by  analogy  for  heavily  augaeafced  future  aircraft . 

a  The  experimental  data  base  for  highly  augnanted  aircraft 
la  very  eparee.  Applicable  data  that  do  exist  Indicate 
that  auperaugaented  sad,  heavily  augnanted  aircraft  can 
exhibit  good  £ Ivina  qualities  and  hence  safe  operations* 

®  The  FASa  were  constructed  in  an  era  whore  the  distinctions 
drawn  In  this  study  between  heavily  augmented  and  conven¬ 
tional  aircraft  were  unknown*  With  ecae  special  interpre¬ 
tations  and/or  Modifications,  the  FA Re  can  ba  adjusted  to 
accoescdcte  the  new  technologies  and  new  flight  control 
fores • 

«  There  exists  Insufficient  data  at  present  to  resolve  fly¬ 
ing  qualities  and  safety  issues  associated  with 

-  Aircraft  pitch  attitude  lead,  T_ ,  different  from 
flight  path  lag  Tq2 

Short  period  dyufitflcc  Independent  of  static 
uarglu 

-  Neutral  spaed  stability  In  pitch  rata  zmma&/ 
attitude  hold  eysteaa 

-  Larger  affective  tine  delays  in  the  control 
systea 


1K-U78-1 


e  iha  detailed  mechanisation*!  nstura  of  the  augmentation 
system  introduces  specific  aid*  effects  which  have  a 
potential  lapse t  on  piloted  control  and  augmentation 
system  coop laxity*  Very  little  data  exists  on  the  flying 
qualities  and  safety  importance  of  particular  aide 
effects,  and  on  the  tradeoff  be  tram  elimination  of  side 
effects  and  syetaa  complexity* 

In  general,  the  primary  conclusion  of  this  study  la  that  heavily 
augmented  aircraft  have  flight  characteristics  which  differ  Is  several 
important  mays  from  currant  conventional  airplanes*  These  flying  quali¬ 
ties  differ  in  kind  and  dagraa  and  In  sons  respects  are  not  compatible 
with  a  rigid  construction  of  the  current  PABe»  On  the  other  hand,  the 
advanced  systems  themselves  offer  promise  to  enhance  rather  than  reduce 
safety*  At  present,  insufficient  data  exists  to  resolve  ell  the  ques¬ 
tions  raised  here*  Instead,  the  important  distinctions  have  been 
developed,  the  key  issues  identified,  end  the  governing  parameters 
delineated.  This  should  serve  as  the  basic  for 

e  A  review  and  consideration  of  potential  modifications  to 
the  VMUt  for  Vart  25  aircraft* 

•  Outline  of  an  interim  flight  teat  guide  for  heevily- 
augsaanted  and  supersugaented  aircraft 

e  A  point  of  departure  for  both  generalised  research  to 
resolve  the  issues  raised  and  sd  hoc  considerations  per¬ 
tinent  to  specific  flight  eontrol/ass  aircraft  flying 
qualities  end  safety  considerations 
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A  model  of  a  hypothetical  high  subsonic  jet  transport  with  relaxed 
static  stability  was  generated  and  used  as  a  basis  for  sosse  of  the 
preceding  analysis.  This  generic  transport  vrsg  based  in  part  on  two  RSS 
designs  from  the  NASA/Langley  Energy  Efficient  Transport  study. 

•  The  Lockheed  1.-101  i-RB  (Ref.  11),  which  has  a 
'  38  percent  reduction  in  horizontal  tail  area 

compared  to  the  conventional  L-1011.  This  design 
is  considered  ready  for  flight  test. 

®  The  Boeing  IAAC,  (Ref.  12),  design  in  whieh  the 
wing  is  further  forward  on  the  fuselage  and  the 
horizontal  tail  area  is  reduced  42  percent 
compared  to  a  conventional  baseline  aircraft  of 
comparable  specifications. 


The  generic  RSS  transport  developed  here  ia  t  wide-body  high 
s«bsonic  Jet  transport  with  an  all-moving  horizontal  tail.  Data  ware 
generated  for  two  flight  conditions:  a)  Sea  level  approach  at 

i*3  and  b)  38,000  ft  cruise  at  Mach  0.74.  The  horizontal  tstl 

arcs  was  reduced  40  percent  with  respect  to  a  reference  conventional 
dealgn  with  the  tail  length  held  fixed.  The  aerodynamic  coefficients 


were  corrected  for  the  tail  area  reduction.  C^, 

assumed  dominated  by  the  ceil  and  reduced  40  percent  ."ooparad  to  ch« 
conventional  baseline.  Seal!  tail  corrections  ware  *ade  in  the  lift 


derivatives,  but  effects  on  drag  stability  derivative*  were  neglected. 


No  weight  changes  vere  sado,  and  the  effaces  cf  c.g.  location  on  thw 


derivatives  were  neglected  except  for  C^.  Transfer  functions 
for  0^,  and  including  coupling  nuioerstors,  were  separated  from 
the  ST l  Airframe  Transfer  Sanction  program  (AST?)  for  approach  snd 
cruiae  at  values  corraapcudiog  to  +-5,  0  and  -5  %&  static  margin*. 
The  model  parameters  ere  tabulated  In  Tahi*  A-l  sad  Cha  Sg  transfer 
functions  are  tabulated  in  Table  A~2« 
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